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We describe a simple method for a consecutive evaluation of the Euler sums S(r,p), v =
1,2,... in terms of zeta values.
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1. Introduction. The Euler sums

) 1(17')
= H 1.1
S(r,p) n; PR (L.1)
where
1 1 1
) _ .
H,[71V+27+---+ —, r=1,p=2 (1.2)

have enjoyed considerable attention in a number of publications during the last decade
(see [1, 3, 5, 6, 7, 8]). For the history of the problem see, for instance, the comments
in [1, 2, 5, 7]. Euler [6, pages 217-264] evaluated S(1,p) and several S(7,p) in terms
of zeta values, where

o 1
E(m:%ﬁ, p>1, (1.3)
is the Riemann zeta function. The numbers S (v, p) for p ++ odd were explicitly evalu-
ated for the first time in [3]. As commented in [3], there is strong evidence that for p +v
even S(r,p) can be evaluated only in some particular cases: S(p,p), S(2,4), S(4,2).
A powerful method for evaluation of Euler sums, based on the residue theorem, was
presented in [7].

The purpose of this note is to describe an elementary procedure for consecutive
evaluation of S(r,p), r = 1,2,3,..., by a recursive relation. The method requires only
general knowledge of differential calculus. We hope that this technique will give more
insight into the nature of these numbers and make them more accessible. For instance,
it is explicitly shown that when both p and » are odd, S(p, ) can be evaluated in terms
of zeta values and S (k,l) where both k,l are evenand k+1l=p +7.

We first list some notations and simple facts. As Euler found:

Str,p)+S(p,vr) =C(pP)C(r)+C(p+71) (1.4)

and therefore,

stp) = (5)1cwr+cep)], p=2 (1.5)
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We have
> 1
w(pﬂ’)En%ZIWZC(P)C(T)—S(T,P), (1.6)
_ 5 1 _
w(P):n,g;lm—S(l,p). (1.7)
Define also
_ 1
VPE 2 o my 8
n,m:l

(the “prime” in the sigma means m + n). We easily find that
vip,r)=Sr,p)-Cp+r)+(=1)"C(p)C(r). (1.9)

Analogous to (1.7),

00

/ 1
V(p)En%:1m25(l,p)—2§(p+l). (1.10)

All these relations are evaluated by simple direct computations. For example,
1 n > 1 > 4 1 1
VIOTED e S S S
g n nzz:l mZ::1 m. n-m
I~ (1.11)
1
> (H“ - —) —S(1,p)-2C(p+1).

2. Evaluation of S(7,p), v = 1,2,3. We use an idea from [4]. Set

o, (p;x) = g nn(n+x) (2.1)

Let m be an arbitrary positive integer. Summing for all n = 1,2,..., n + m, define also
_(p;x; 2.2

o (pix;m) = gl np(n ot (2.2)

LEMMA 2.1. For every x where the equations are defined:

”Zl( DIZp—k+1) (D7 S x

0. (p;x) = P ok X Z N (2.3)
-1
1 1 1«
crf(v;x;m)=—2x—[C<P k+1)- W]+;Z @
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PROOF.
(2.5)

rMm—-x—-n 1
72__2 ne(n-— x)__;z‘_ _Z nr- 1(n x)’

The first sum on the right is
(2.6)

1 1
o C(p) - mr’
and repeating this procedure p —2 more times we obtain (2.4). Equation (2.3) is demon

strated by the same way (see [4]).
We can now immediately evaluate S(1,p). Write (2.4) with p — 1 in place of p

iy 1 L] 1 1 2 x
gl nr-ln-x) _k; F[C(p_k) - mvfk] - xvflgl nn-x) (2.7)
Then set x = m, divide both sides by m, and sum for m =1, 2,... to get
p-2 ©, 1
vip) == 3 [k g -k -Cp ] S G @9

k=1
The second sum on the right is, in fact, —v(p). Solving for v(p) and using (1.10)
find Euler’s formula

(2.9

1722
sap = (14 2)ew+1 -3 3 chks DEp-b),
k=1

for every p > 2. When p = 2 the sum is missing and S(1,2) = 2C(3)
Using Lemma 2.1, we can evaluate S(7,p), v = 2, by differentiating for x in (2.3)

and summing for x = m. Thus

d o 1
250+ P n% Y,
' (DR KRG (p—k+1)
== k+1 (2.10)
k=1 X
(-1)Plp X (-nP-t g 1
xp+l rgln(n+x) * xP gl (n+x)2°
For differentiation we use that
! @.11)

X 1
nm+x) n n+x’

Setting x = m, summing over m and taking into account (1.6) and (1.7) we come to

p-1
S2,p)-C)C(p)=-> (- kC(k+1)T(p—k+1)
k=1 (2.12)

—(=1)P 'pS(L,p+ 1)+ (-1)PC(2)C(p) - S(2,p)].
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Solving for S(2,p) we find
S2,p)[1-(-DP]=[1-(-1"]C(2)C(p)

p-1 (2.13)
-2 DM RC(k+ )T (p—k+1) = (=) ' pS(1,p+1).
k=1

When p is odd, we can express S(2,p) in terms of zeta values as

S2,p) =20@T(P) -3 3 (DK DT (p—k+1) = 3 (~1P pSAp +1),
) (2.14)
combined with (2.9) this is (cf. [3])
S@2,p)= z (2(-D*k+p)C(k+1)C(p—k+1)
k=1 (2.15)

HCRT(P) -5 Bp+ )T (P +2),

For p even, the left-hand side in (2.13) is zero and we come to an equivalent form
of (2.9).
We now continue this process and try to evaluate S(3,p) from d?o, /dx?

(i) o =25 e

14 NP (1 + )3
on (n+x)

P (DM (ke DT (p—k+1) <1>v*1p<p+1>i x

= k+2 xP+2 =t n(n+x)
( DFlp & ( nrt o 1

xp+l Z (n+x)2 xP n; (n+x)3’

(2.16)
which implies (x = m and summing over m)
SG,p)[1-(-DP] =[1-(-DP]C3)C(p)
p-1

—1 Z( D k(k+1)C(k+2)C(p—k+1)

(2.17)

—5(—1>”*lp<p+1>s<1,p+2>

+(=DP p[C@C(p+1)-S2,p+1)].
When p is odd, we can express S(3,p) in terms of zeta values and S(2,p + 1), where
p+1iseven

p-1
S<3,p>=§<3>§(p>fl SV k(k+ DT (k+2)T(p—k+1)
k 1 (2.18)

PP 50 p a2+ Elg@gp D -s@p 1)
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For instance, when p = 3
$(3,3) = 2:(3)2—%3(2,4), (2.19)

which in view of (1.5) gives

6

2835°

S(2,4)=C(3)2—%C(6)=C(3)2— (2.20)

When p =5, we find

m 5
5(3,5)=5§(3)§(5)—m—53(2,6). (2.21)
Several such relations are listed in [7, page 23]. The exceptional character of S(2,4)
is clear from (2.19): we can evaluate it, because we can evaluate S(3,3). The numbers
S(2,q) for even g > 4 are resisting evaluation in terms of zeta values.
When p is even, the left-hand side in (2.17) is zero and the equation turns into
(2.15). In order to evaluate S(3,p) in this case, we use the expression o—_ from (2.4).
Consecutive differentiation gives

(dic)z(’*:zz, :

ne(n-x)3
p-1
k(k+1) 1
= *k:1 k=2 [C(p*k+ 1) — W] (222)
pip+1) <’ X 2p ' 1 2 1
xp+2 z nn-x) xptl (n—x)2 sz (n—x)3"

Note that

X 1 1

-~ - = (2.23)
nn-x) n-x n

Setting x = m, summing over m, and taking into consideration (1.9), we come to

3
G0 =c3Em) + (14222 e p+3)

p-1

—%Zk(k+1)§(k+2)§(p—k+l) (2.24)
k=1

- %P(P+1)S(1,p+2)— %[S(Z,p+l)+§(p+1)§(2)] (p even).

Here p + 1 is odd, so S(2,p + 1) is a combination of zeta values—see (2.15), and there-
fore S(3,p) is a combination of zeta values. O

3. General recursive formulas. Applying the above method for ascending values
of r, the sums S (7, p) can be evaluated in terms of zeta values for all » + p odd: when
¥ is even, we use consecutive derivatives of o (p;x)—see [4, Lemma 2]. We obtain
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representations of the form (2.13) where we can solve for S(r,p) in case p is odd.
When 7 is odd, we use the derivatives of o_(p;x;m) as shown above. The general
representations are listed in the following theorem.

THEOREM 3.1. With the interpretation C(1) = 0, we have

r+k-1
r—1

p-2
S(r,v)=C(r)C(rJ)+% Z(l)"“( )C(pk)C(r+k)
k=0

1 ()P rtp-k-2)! (3.1)
T2 -1) r—k—1)!

k=0
x[Sk+1,r+p-k—-1)-Ck+1)C(r+p-k-1)]

for p odd and all r. Also
S(r,p)=C(p+7r)-C(r)C(p)

Z( 1>'<+1(”" l)mp KT +k)—C(p+7)]
(3.2)

1 c T +p—k-2)! L
+72(P*1)!,§0( ST [S(k+1L,r+p—k-1)=C(p+7)

+ (=D (k+ DT (r+p—k-1)]

for v odd and every p.

Equation (3.1) is derived from (2.3) (details can be found in [4]) and (3.2) follows the
same way from (2.4). Equation (3.1) was possibly found for the first time by Nielsen
[9, page 48, equation (12)].

Every sum S(7,p) can be expressed in terms of zeta values and S(n,m), where
n+m=p-+r and n < r. When p +v is odd, (3.1) and (3.2) working together bring
to the representation of S(7,p) in terms of zeta values. The explicit formula can be
found in [3] or [7]. When * and p are both odd, S (7, p) can be expressed only in terms
of zeta values and S(n,m), where n+m = p +v and n, m are both even (see also the
comments in [3, Section 3] and [7, page 23]).
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