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1.

For s1, 82,83 € C with R(s1 + s3) > 1, R(s2 + s3) > 1 and R(s1 + s2 + s3) >

INTRODUCTION

the Tornheim’s double zeta function is defined as

(1.1) T(s1, 82,83) :

It has two alternating analogues:

(12) R(Sl,SQ,Sg) :
and
(13) 5(81,82,83) :

Since L. Tornheim [6] introduced the series T'(p, g, ) for p,q,r € N in 1950’s, a
lot of results on evaluating the values T'(p,q,7) in terms of Riemann zeta values
have been found. See for example [1} Bl [4] 5] 6] [7, 10] and the references therein. In
[10], H. Tsumura proved a functional relation for Tornheim’s double zeta function
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which represents T'(a, b, s)+(—1)°T(b, s, a)+(—1)%T (s, a, b) with a,b € Nand s € C

via Riemann zeta function. After that, T. Nakamura [4] gave a “simpler” version
of this functional relation. And in [2], K. Matsumoto, T. Nakamura, H. Ochiai and

H. Tsumura showed that these two functional relations are the same.

The alternating analogues of Tornheim’s double zeta series were first introduced
by M. V. Subbarao and R. Sitaramachandrarao in [5]. They posed the problem to

evaluate S(r,r,r) and R(r,r,r) for r € N. In a series of papers [7, [8 [0l [IT], H.
Tsumura obtained some fascinating results on evaluating S(p,q,r) and R(p,q,r).
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He gave an evaluation formula for S(r, r, r) for any positive odd integer r in [7], and
for R(r,r,r) for any positive odd integer r in [8]. In [9], he obtained the evaluation
formula for S(p,q,r) with p,q,r € N and p + ¢+ r odd. To evaluate R(p,q,r), H.
Tsumura introduced the partial Tornheim’s double series defined by

> 1

1.4 =
@4 TnPar) mzn;O @m 4 507 (2n 1 52)1(2m £ 2n + b1 + by)"”

where b1,by € {1,2}. Then in [I1, Theorem 4.1}, he proved that for any p,q,r € N
with 7 > 2 and p + ¢ + r odd, and for by,by € {1,2}, the values R(p,q,r) and
by by (Dyq,7) can be expressed as polynomials in Riemann zeta values ((j) (2 <
j < p+ q+r) with rational coefficients.

In this paper, we give two functional relations for S(s1, s2, s3) and R(s1, s2, $3)
in Theorem B3] from which we obtain new proofs for formulas of S(p,q,r) and
R(p, q,r) mentioned in the last paragraph. The method used here is different from
that of H. Tsumura [I0] and of T. Nakamura [4] for Tornheim’s double zeta function
case. In fact, it is also valid for proving T. Nakamura’s functional relation for
Tornheim’s double zeta function. We give this new proof in Section 2. Then in
Section 3, we prove our main theorem (Theorem B3). In Section 4, we give new
proofs of H. Tsumura’s results mentioned in the last paragraph.

2. A FUNCTIONAL RELATION FOR TORNHEIM’S DOUBLE ZETA FUNCTION

In [10, Theorem 4.5], H. Tsumura proved the following functional relation for
Tornheim’s double zeta function:

(21)  T(a,b,s)+ (—=1)°T(b,a,s) + (—1)*T(s,a,b)
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where (2) means mod 2, a,b € NU{0}, b > 2, s € C, except for the singular points
of both sides. In [4], T. Nakamura gave a “simpler” version, which can be restated
as the following theorem.

Theorem 2.1 ([4, Theorem 1.2]). For all a,b € N and s € C except for the singular
points, we have

(2.2)  T(a,b,s)+ (=1)°T(b,a,s) + (—1)*T(s,a,b) = 2N(a,b, s) + 2N (b, a, s),

where
L larb—2j-1
N(a,b,s) = 2j b+ s —2j).
b= (" eictar s - 29
In [2], K. Matsumoto T. Nakamura, H. Ochiai and H. Tsumura showed that the
right-hand sides of (21 and ([22]) are the same. In this section, we first restate
2



their proof with a different method to obtain the key formulas used in the proof.
Then we give a new proof of the functional relation ([2.2]).

Recall that the Bernoulli polynomials {B,,(z)} and Bernoulli numbers {B,,} are
defined by

te®t > " t e
et — 1 7;3 n(az)n!, et —1 7;3 Tl

respectively. It is known that B, (0) = B,(1) = B, for any n # 1 and B;(0) =
By = —Bi(1) = —1. We recall the formulas

o (2m)
(23) Clom) = ~ i B,
(24) Bn(1/2) = (21—n - 1)Bnu
(2.5) Bu(z+y)=Y_ <Z> By(a)y"*.
k=0

From the translation formula (2.1]), we immediately get the following lemma.

Lemma 2.2. For any nonnegative integer n, we have

(26) 3 () Ban()y™ = L (Ban(o + 9) + Banlo — )
2k 2 ’

and

20 X () Bala ™ =SBl +) -~ Baniale - ),

Using the above lemma, we get the following key formulas for proving the fact
that the right-hand side of (2I)) equals that of (2.2]).

Lemma 2.3. For any nonnegative integer n, we have

n \2n—2k
(2.8) ggzl% méﬁ%za- ¢(2n),
and
n Lo (7.‘.2)277, 2k 1
(2.9) Dot mﬁ%iiﬁiﬂiz_i%“

k=0

where 6;5 is the Kronecker’s delta symbol.

Proof. (Z8) follows from 23)), (Z4) and 26)). And (Z9) follows from 23], (DEI)

and (2.7]).
We come to prove the fact that the right-hand sides of 21 and [22)) are the

same. The right-hand side of 21 is 2R; + 2R, where

a i/2 . .
ot , (mi)2 (b—14j -2l ,
Bi= 2 @ +J—1><<a—y>l§ i ( i )<<b+y+s—2l>,
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We show that Ry = N(a,b,s) and Ry = N(b,a,s). For Ry, let a — j = 2k and
k+1=mn, we get

a/2 a/2

\2n—2k
+b—2n-1
Ri= S (@2~ 1)can) ST (@ b+ s — 2n).

! I;)( ) )72 (2n — 2k)! a—2n Clatb+s—2n)
Changing the order of n and k, we get

o2 ~ mri)2n—2k a —2n —
R, = Z <Z(212k — 1)((214)((2%%)!) < +2 B ;n 1) C(a+b+s—2n),

n=0 \k=0
which is N(a,b, s) by ([28]). Similarly for Rs, we have

a/2 (a—1)/2 (71'1)2” ok b/2
_ 1-2k _
- 222 ¢(2k) 7; (n_%ﬂ)!n;g(zm)

o a+b—2m—2n—1
a—2n—1

)C(a+b+s—2m—2n)

/2 fn ()22 b/2
9 Z <kz%2 —1)4(%)—( ST >Z<2m

b—2 —2n—1
><<a+ a—;:”b—ln )C(a+b—|—s—2m—2n),

which is N(b,a,s) by (29). Hence the right-hand sides of ([2)) and ([22)) are the
same.

In the rest of this section, we give a new proof of the functional relation (2.2).
We set

F(a,b,s) :=T(a,b,s) + (=1)°T (b, s,a) + (=1)°T (s, a,b).
It is well-known that the Tornheim’s double zeta function satisfies the following
recursive formula

T(s1,82,83) =T(s1 —1,89,83+1)+T(s1,82 — 1,83 +1).
We find that
F(a,b,s)=(T(a—1,b,s+1)+T(a,b—1,5+1))
+(=DY(T(b,s+1,a—1) =T(b— 1,5+ 1,a))
+(-D)*(-T(s+1,a—1,0)+T(s+1,a,b— 1)),
which is just
(2.10) F(a,b,s)=F(a—1,b,s+1)+ F(a,b—1,s+1).

As stated in [1], we have the following general lemma.
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Lemma 2.4. Let X (s1,s2,83) be a function satisfying the recursive relation
X(a,b,8)=X(a—1,b,s+1)+ X(a,b—1,s+1).

Then for any a,b € NU{0} and s € C, we have

S fa+b—j—1 _ _
2.11 X(a,b = X(7,0 b —
(2.11) (0.5, g( b1 )R 0arbs—)
b a+b—j75—1
+§;( - )deﬂ+b+8—ﬂ-
=

One can prove this lemma by induction on a + b.

Now we apply Lemma 24 to F'(a,b,s). We first compute F(j,0,a +b+ s — j)
and F(0,j,a+b+s—7j). It is easy to see F(j,0,a+b+s—j) = F(0,j,a+b+s—j).
And we have

F(5,0,a+b+s—7)
=T(j,0,a+b+s—35)+T(0,a+b+s—7,5)+ (=1)T(a+b+s—770)
=(1+ (=D)7)CG)¢a+b+s—4) —Clatb+s).

Then we get

fa+b—j—1\ . :
E:(a b_i )FOJLa+b+s—ﬁ

j=1
a/2 . " .
a b— — a b_ _
2 G R o QU RS
Jj=0 =1
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=22 <a+bb__21j_1><<21'><<a+b+s—2j>+2(“+z‘1)<<o><<a+b+s>,

and similarly

b .
+b—7—1 . )
5 (a J )X(O,j,a+b+s—])
- a—1

J=1

b/2

=Y ("0 e n s 22T oo o
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Here we use the fact that ((0) = —3. Combining these two equations and Lemma
2.4l we finish the proof of Theorem 2.1
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3. FUNCTIONAL RELATIONS FOR S(s1, 82, 83) AND R(s1, s2, S3)

As in [12], we define
_1 m-+n
(m) = Y COOT

m>n>0 men
((51,82) = Z %,
m>n>0
C(Sl’ 52) = Z 72:1172:2’
m>n>0
and -
(=3 2 o).
m=1
It is easy to see that
(3.1) C(8)¢(t) = ¢(5,1) + C(£,8) + C(s + 1),
(3.2) C()¢() =¢(5,1) +¢(t,8) +C(s + 1)

For a,b € N and s € C, we define
Fi(a,b,s) :== S(a,b,s) + (—1)°R(b, s,a) + (—1)*R(a, 5,b),
Fy(a,b,s) :== R(a,b,s) + (—1)°R(s,b,a) + (—1)%S(a, s,b).

Similar to Tornheim’s double zeta function, we have the recursive relations:
S(s1,82,83) = S(s1— 1,829,835+ 1)+ S(s1,82 — 1,83+ 1),
R(s1,82,83) = R(s1 —1,82,85 +1) + R(s1,82 — 1,83 + 1).

Then we get the following lemma.

Lemma 3.1. We have the following recursive relations:

(3.3) Fi(a,b,s) =Fi(a—1,b,s+1)+ Fi(a,b—1,5+1),

(3.4) Fs(a,b,s) = Fo(a—1,b,s + 1) + Fa(a,b—1,s+1).

Before applying Lemma 2.4l to F; and F5, we make some preparations.

Lemma 3.2. We have

(3.5) Fi(j,0,a+b+s—j)=F1(0,j,a+b+s—j)

=1+ (=1)7)CG)C(a+b+s—j) = Cla+bts),

(3:6)  F2(j,0,a+b+s—j) =1+ (=1)7)C(G)C(a+b+s—j) —Clatbts),

(3.7)  F(0,j,a+b+s—j) =1+ (=1))()Cla+b+s—j) —Cla+b+s).

Proof. (33) and 4] follow from @I, and 371 follows from 2. O

By Lemma 2.4 and the above two lemmas, we immediately get the main result
of this section.

Theorem 3.3. For all a,b € N and s € C except for the singular points, we have
(3.8) S(a,b,s)+ (=1)°R(b,s,a) + (=1)*R(a,s,b) = 2N1(a,b,s) + 2Ny (b, a, s),
and

(3.9) R(a,b,s)+ (—=1)°R(s,b,a) + (—=1)%S(a,s,b) = 2Ny(a, b, s) + 2N3(b, a, s),
6



where

a/2 .
b—2j—1 :
Ni(a,b, s) = (“+ ; 1j )(22J+1ab5 —1)C(2))C(a+b+ s —27),
j=0
a/2 .
b—2j—1 . .
Na(a,b,s) := Z (a - b f )(2”” — DT 1C(25)¢(a+ b+ s — 25),
j=0
2 b —2j—1
Ns(a,b,s) := ( b—lj )(21—23’ —1)¢(25)¢(a + b+ s — 27).
§=0
Note that

Ny (a‘7 ba S) + N2(a‘7 ba S) + N3(a‘7 ba S) = (227(17})75 - 1)N(CL, b7 S)v
where N(a,b, s) is defined in Section 2.

4. APPLICATIONS OF FUNCTIONAL RELATIONS

n [4 Section 3], T. Nakamura used the functional relation ([22) to give new
proofs of some formulas for the special values of T'(p,q,r) with p,q,» € N. For
example, we have the evaluation formula of T'(p,q,r) when p+ ¢ + r is odd as in
[1, [4].

Proposition 4.1. For p,q,r € N with p+ g+ r odd, we have
T(p,q,7) = (=1)’N(p,7,q) + (=1)’N(r,p,q) + (=1)?N(q,r,p) + (~=1)*N(r, q, p).

In this section, we use the functional relations (8:8) and B3) to deduce some
formulas for the special values of S(p, ¢, ), R(p,q,r) and Tp, 4, (p, ¢, ) with p, ¢, €
N and by,bs € {1,2}.

Let a=b=s=r € Nin (38) and 33), we get

(4.1) S(r,r,r) +2(=1)"R(r,r,r) = 4Ny (r,r,7),
(4.2) 1+ (-D")RO,rr)+ (=1)"S(r,r,7) = 2Na(r,r, 1) + 2N3(r, r, 7).
Let r = 2p be even in [@.1]) and [@2]), we get a formula which was mentioned in
[7, Eq. (4.2)].
Proposition 4.2. For any p € N, we have
S(2p, 2p, 2p) + 2R(2p, 2p, 2p)

_4320 (4p2p2_J : )(22j+16p —1)¢(2i)C(6p - 25)

P\ (4p—2 6 e . |
_2;)(192]9_31 )(22 P — 2HTR)C(25)C(6p — 27).

The above formulas give some relations for Riemann zeta values. For example,
taking p = 1, we get the relation 7¢(6) = 4¢(2)¢(4).
Let r = 2p + 1 be odd in [@2), we get the evaluation formula of S(2p + 1,2p +
1,2p+1) as in [7, 2].
7



Proposition 4.3. For any p € NU {0}, we have
S2p+1,2p+1,2p+1)
P .
dp+1—2 ; . .
oy () - c@ieten +3 - )
- 2p
7=0
Let r = 2p+1be odd in [@I]). Using the above formula for S(2p+1, 2p+1, 2p+1),

we get the evaluation formula of R(2p+1,2p+ 1,2p+ 1) as in [8, [2].

Proposition 4.4. For any p € NU {0}, we have
R(2p+1,2p+1,2p+1)
p .
4 1-2 .
=27 < r > (2742 — 2271~ 1)¢(2))¢(6p + 3 — 24).
i=0 2
Let a =p, b=gq and s = r in B8], we get
(4.3)  S(p,q,r) + (=1)*R(q,m,p) + (=1)"R(p,,q) = 2N1(p, ¢,) + 2N1(q, p, 7).
Let a =p, b=r and s = ¢ in (B9), we get
R(p7 T, Q) + (_1)TR(q7 Tvp) + (—1)pS(p, q, T) = 2N2(pa T, q) + 2N3(Tap7 Q)a
which is
(4.4)
(=DPR(p,r,q) + (1) "R(q,r,p) + S(p.q,r) = 2(=1)" (N2(p, 7, q) + N3(r,p, q)).
The difference of ([@3]) and (@A) gives
(1) = (=1)""")R(q,r,p)
:2N1(pa q, T) + 2N1(q7p5 T) - 2(_1)p(N2(p7 T, Q) + N3(T7pa q))7
which deduces the evaluation formula of R(p, ¢, r) when p+ g+ r is odd as in [I1].

Proposition 4.5. For p,q,r € N with p+ g+ r odd, we have

R(p7 q, T) = (_1)1)N1 (rupa Q) + (_1)le(p7 T, Q) + (_1)qN2(T7 Q7p) + (_1)qN3(q7 'f',p).
Ezxplicitly, we have

R(p,q,7)
&L p+r—27—1\ o541

=( 1>f’Z< .1 )(2 TP 102 + g + 7 - 25)
=0

Lgrr—2i—1
s (YT @ @i+ ok - 2)
=0
- Fr—2j -1\,
ey (P H T D @ g+ - 20)
=0
sz tr—2j—1
+<—1>QZ(q 1 )(21‘2j—1><22j+1‘P‘q—T—1><<2j><<p+q+r—2j>.
j=0

With the help of the above proposition and ([@3]), we get the evaluation formula
of S(p,q,7) when p+ ¢ + 7 is odd as in [9].
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Proposition 4.6. For p,q,r € N with p+ g+ r odd, we have

S(p, Q7T) = (_1)pN2(p7 T, q) + (_1)(1N2(Q7T7p) + (_1)pN3(T7p7 Q) + (_1)qN3(T7 qup)

More precisely, we have

S(p,q,7)

/ p+r—25—1 . .
PY (P T @ - e i+ - 2)
i=0

& q+r—=27—-1\ 1 o; 2j+1—p—q—r . .
ey (T e e e+ e+ -2

7=0
r/2 Y ‘

+(=1PYy (p+;_213 1) 2% = 1)¢(25)¢(p + g+ 7 — 2j)
3=0
2 g —2i—1 .

+ (-1 <q 1 )(212]—1><<2j><<p+q+r—2j>.
7=0

The evaluation formula for S(p, ¢, r) with p+ ¢ 4+ odd given by H. Tsumura in
[9] reads

S(pv%r) = (_1)pN2(p7 T, q) + (_1)qN2(Q7T7p)

(r—1)/2 p/2 (p—2p—1)/2 DA —2—2p—2u—1
Sa-r Y @)Y @ ( )
v amym X (T

, (i)
X —27—2p—21)———
Cp+q+r—2j-2p u)(2u+1)!
(r—1)/2 q/2 (g—2p—1)/2 .
— — q+r—2j—-2p—2p—1
C(25 ¢(2p ( )
>oamym X (T
(i)

XC(I)+(J+T—2j—2P—2H)m-

The third term of the right-hand side of the above equation equals

r-1/2 w2 (oD)/2 p+r—2j—2n—1
Z C(ZJ)Z<(2P) Z < p—2n—1 )
7=0 p=0 n=p

(7”)271 2p

Changing the order of p and n, we see that the above formula equals
(r—1)/2 (p—1)/2 n zn 2p
@) _
YL@ s (L)

_2 — 9 —
X<p+7° j —2n

1 .
b1 )C(p+q+r—2j—2n),
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and using (29), we find that it becomes

(r=1)/2 Cor 1\
LAY (p+;_21j 1)((2j)<(p+q+r—2j)-
=0

Hence the formula of H. Tsumura is nothing but

S(p, Q7T) :(_1)pN2(p7 Ty Q) + (_1)qN2(Q7 'f‘,p)

L B N
+(=DP Y ( o1 )<<2j><<p+q+r—2j>
j=0

(r—1)/ Y o
DY ("7 T ) eemew e - 20,

Now it is easy to see that the formula of H. Tsumura for S(p,q,r) is the same as
that given in Proposition
It is obvious that

T2 q.7) = %21(qp,7), Top(p.q,r) =277 "T(p,q,r),

R(p,q,7) = —T11(p,¢,7) + F12(p, ¢, 7) — T21(p, ¢ 7) + T22(p, ¢, 7),

Spq,r) =%11(p,q,7) — Ti2(p, 4, 7) — T21(p ¢ 7) + Ta2(p, g, 7).
Thus we get

1
‘IQ,l(pv q, T) = __(R(p7 q, T) + S(p7 q, T)) + 32,2(1)5 qu)v
2

1
(Il,l(pv q, T) = _g(R(pv q, T) + R(qvpa T)) + 3212(1)5 q, T)'
Then we obtain the evaluations of Ty, »,(p, ¢,7) when p+ ¢+ r is odd as in [8] [I1].

Proposition 4.7. For p,q,r € N with p+ g+ r odd, we have

T11(pr0o7) = = U N0 2,0) + (1P Na (7 0) + (<17 Na(r,p,0)
+ (=1)"Ns(p,m,q) + (=1)"Nui(r, ¢, p) + (=1)"Ni(g, 7, p)
+ (=1)*Na(r,q,p) + (=1)"N3(q, 7, )} + T2,2(p, ¢,7),
T12(pq,7) =T2.1(q:p,7)
S Na(p,70) + (~1PNar,p,0) + (<1 Na(p.7,0)

+ (=1)PNs(r,p,q) + (=1)*N1(r, ¢, p) + (=1)*N1(q,7,p)
+ (_1)qN2(q7 T, p) + (_1)qN3(T5 qvp)} + 32,2(1)7 q, T)a

and
T22(pq,7) =277 ((=1)’N(p,7,q) + (=1)’N(r,p, q)
+ (=1D)YN(q,7,p) + (=1)IN(r,q,p)).
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