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1. INTRODUCTION AND MAIN RESULTS

The double zeta values, which are defined for integers r >2, s> 1, by

1

C(r,s) = Z s (1)
m>n>0

are subject to numerous relations. Already Euler found that when the weight

k = r + s is odd the double zeta values can be reduced to products of usual zeta

values. Furthermore, he gave the sum formula

k—1
> Ak —r) =¢k)  (k>2) (2)

The aims of the present paper are:

e to give other interesting relations among double zeta values,

e to show that the structure of the Q-vector space of all relations among
double zeta values of weight & is connected in many different ways with the
structure of the space of modular forms M}, of weight k on the full modular
group I'y = PSL(2,Z), and

e to introduce and study both transcendental and combinatorial “double
Eisenstein series” which explain the relation between double zeta values
and modular forms and provide new realizations of the space of double
zeta relations.

Double zeta values are a special case of multiple zeta values, defined by sums like
(1) but with longer decreasing sequences of integers, which are known to satisfy a
collection of relations called the double shuffle relations (cf., e.g., [3], [5], [12]). The
specialization of these relations to the double zeta case is given by the following
two sets of easily proved relations (see Section 2):

((rs) +C(s,m) =C(r)C(s) =C(k)  (r+s=k; rs>2),

kZ[(“l) (L) =cia-g) esis

j—1

3
-

DO | F

We wish to study the relations which can be deduced from (3). Since we want to do
this algebraically, it is useful to work, not with the double zeta values themselves,
which for all we know may satisfy other relations than (3) (it is not even known that
any ((r,s)/m" T is irrational), but with the formal double zeta space Dy, generated
by formal symbols Z, s, P, s and Zj subject to the relations (3), with Z, 5, P s and
Zy, taking the role of {(r,s), ((r)((s) and ((k), respectively, and where r and s are
allowed to assume the value 1.

In Dy we can prove a number of explicit relations. In particular, Euler’s result
that all Z, s are rational linear combinations of the P, ; when the weight k is odd
holds in the formal double zeta space Dy, so that we can (and usually will) assume
that k is even. Similarly, the formal analogue of Euler’s sum formula (2) holds in

1
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Dy, and in fact (for k even) has a refinement giving the sums of the even- and odd-
argument double zeta values of weight k separately. Surprisingly, they are always

in the ratio 3:1, independently of & :

Theorem 1. For even k > 2, one has

k—1 3 k—1 1

b == I, Ty =~ . 4
S Zue=if X Zue=i @
T even r odd

As an example of a more complicated identity, we show that, for m,n >1 odd,
mi+n==k>2,

n—1
—m .
2 § < v )BV anu,mjtu = E (_1) 1)\m7n(ra S)Pns 5 (5)
v=0

r+s=k
where B, is the vth Bernoulli number and

= (M) () 0

v=0
(which despite appearances is symmetric in r and s). Since B, = 0 for all odd v
except v = 1, this implies that any Z., v can be written in terms of Z,q,,q4’s and
P, s’s. But in fact only Z,q,04’s are required:

Theorem 2. Let k > 2 be even. Then the Z, j_, with 0 < r < k odd are a basis
of Di. There are explicit representations of the elements of various bases of Dy, as
linear combinations of the Zod,0a’s.

Theorem 2 will be proved in Section 4 by rewriting the defining relations (3)
of Dy, algebraically in terms of the action of the group ring Z[I';] on a space of
polynomials. This leads to both a simple proof of the first statement and to several
concrete versions of the second. One of these, a variant of (5), is

1 2 0 1
Zm+l7kfmfl + §ZI€ = _E Jrz_k )‘m,kf’m(rﬂ S) (ZT;S + gzk) (7)
51 odd

form=1,3,...,k — 3, where

r—2
0 _ (s B E—2—0\(r—1
)\m’n(T‘, S) - )‘mﬂl(rﬂ S) (m _ 1) By = Z ( m—1 ¢ Bn¢-1

£=0
(with B, = 0 for v < 0). Since Zj equals 43 _, 44 Zrk—r by Theorem 1, this
expresses all even-argument double zeta values in terms of odd-argument ones.

Theorem 2 is false for double zeta values. Instead we have the following result,
which gives the first connection with modular forms:

Theorem 3. (Rough statement.) The values ((od,od) of weight k satisfy at least
dim Sy, linearly independent relations, where Sy denotes the space of cusp forms of
weight k on T'y.

Example. For k£ = 12 and k = 16, the first weights for which there are non-zero
cusp forms on I';, we have the identities
5197
28¢(9,3) +150¢(7,5) + 168¢(5,7) = —— ((12) (8)

691
66 C(13,3) + 375C(11,5) + 686 ((9,7) + 675C(7,9) + 396 ((5,11) = %4(16),
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which can be written in terms only of ((od, od)’s using Theorem 1. Conjecturally
(and numerically), these are the only relations over Q among odd-argument double
zeta values up to weight <16, and more generally we expect that there are no
further relations among the ((od, od) except the ones predicted by Theorem 3.

Although Theorem 3 holds for the “true” double zeta world and is false in the
formal one, it is in fact a consequence of a result in the formal space. In fact, it
follows from two different—though complementary—results. Both of them involve
period polynomials. We recall the definition of these polynomials. (A more detailed
review will be given in Section 5.) For each even k we consider the space Vj of
homogeneous polynomials of degree k—2 in two variables and the subspace Wy C Vj,
of polynomials satisfying the relations P(X,Y)+ P(-Y,X) =0, P(X,Y)+ P(X —
Y,X)+ P(Y,Y — X) = 0. It splits as the direct sum of subspaces W, and W,
of polynomials which are symmetric and antisymmetric with respect to X < Y,
with the former being odd and the latter even with respect to X — —X. The
Eichler-Shimura-Manin theory tells us that there are canonical isomorphisms over
C between S} and W,:r and between M}, and W,~. The full statement of Theorem 3,
given in Section 5, associates to any polynomial in W, , in an injective way, an
explicit relation among the numbers Zoq,0q4 and Pey ey (and Zi). For the above
example (8), for instance, the polynomial X2?Y?2(X? — Y2)3 in W, leads to the
relation

95 167
28 Z973 + 150 Z7)5 + 168 Z5)7 = 28P4)8 + ?PQG - TZU , (9)

which by Euler’s theorem agrees with (8) modulo Q7'2?, and similarly the complete
version of the relation given above between odd double zeta values in weight 16 is

66 Z13,3+ 375 Z11,5 + 686 Zg,7 + 675 Z7.9 + 396 Z5 11
364 1081
= 66P412 +185F 10 + Tps,s - TZHS :

The other result about formal double zeta values which implies Theorem 3 in-
volves the space W,:r rather than W, . More precisely, it involves a certain 1-
dimensional extension W, C Vj, + C - (X*7'Y~1 + X~'V*~1) (see Section 6 for
details) which is isomorphic to My, rather than Sy :

Theorem 4. If {Z,, P, Zy} is a collection of numbers satisfying the double
shuffle relations in weight k, then the polynomial

Z P erlysfl _ é
r+s=k 2

r, § even

(kalyfl + X*lykfl)

belongs to ﬁ/\,:r (and to W,:r if Zi, =0). Every element of W,:' arises in this way.

From one point of view, this says that the subspace P};¥ of Dy spanned by the
P, s with r and s even is canonically dual to ﬁ/\,:r . From another, it says that there
are k/6 + O(1) relations among the Pey v, these relations being the same as the
relations satisfied by the coefficients of period polynomials in W,:r . In fact, we will
prove Theorem 4 in this form. It is this point of view which leads to the most
direct connection with modular forms, because it is known (as a consequence of the
so-called Rankin-Selberg or unfolding method) that the coefficients of (extended)
symmetric period polynomials satisfy the same linear relations as the products
G,Gs € My (r +s = k), where G, denotes the Eisenstein series of weight r on
PSL2(Z). (When r or s is equal to 2, the product G2Gj_o must be modified
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slightly by adding an appropriate multiple of G},_, to compensate for the non-
modularity of G3.) Thus the proof of Theorem 4, combined with the known facts
that the products G, G, span My and, after dividing by ¥, have rational Fourier
coeflicients, also leads to the following, more intuitive, statement:

Theorem 5. The space P;Y is canonically isomorphic to M,?, by a map which
sends P, s to (2mi)~*G,Gs (plus a multiple of G, o if r or s = 2) and Zy, to
(2mi) kG,

Theorem 5 tells us that there is a realization of the symmetric (P-) part of the
double shuffle relations given by products of Eisenstein series. This implies by linear
algebra that there must be a realization (and in fact, infinitely many realizations)
of the full space Dy having these products as its symmetric part. It is then natural
to ask whether there is a natural choice of such a realization. In the last part of
the paper we show, following an idea already adumbrated in [15], that there are
in fact two such choices. More precisely, we show that one can extend the map
PrY — My, in two different ways to a map from Dy, to a larger space of functions,
by finding “double Eisenstein series” which are related to products of Eisenstein
series in exactly the same way as double zeta values are related to products of
Riemann zeta values. One of these ways is transcendental, in terms of holomorphic
functions in the upper half plane, and the other combinatorial, in terms of formal
power series in ¢ with rational coefficients. Both ways are interesting, and they
also turn out to be related: the Fourier expansion of the transcendental double
Eisenstein series splits up into three terms, the most complicated of which is (a
multiple of) the combinatorial double Eisenstein series. We now explain this in
more detail.

The transcendental version of the double Eisenstein series G, s(7) is defined, in
complete analogy with (1), as

1
Grs(T) = Z — (1 € $ = upper half-plane),
m,neZ7+7Z mn
m>n>0

where n > 0 means n = n7 4+ b withn > 0orn = 0,b > 0 and m > n means
m—n > 0. The series converges absolutely for r > 3, s > 2, and also makes sense for
s = 1 if the sum over n (for m fixed) is interpreted as a Cauchy principal value. The
same combinatorial proof that establishes (3) shows that, at least in the convergent
cases, the corresponding equations still hold with ((r, s) replaced by G, s(7) and
with (each) ((k) replaced by the function

Gi(r) = Z oF (k>2)
meZr+7
m >0
(again to be interpreted as a Cauchy principal value if k¥ = 2), which equals the
previously mentioned Eisenstein series if k is even. In other words, at least for the
cases of absolute convergence, we have a realization of the double shuffle relations
on the space of holomorphic functions in $ given by

Zr,s = Gr,s(T)a P’ns = GT(T)GS(T)7 Zk i Gk(T) .

The combinatorial/arithmetic aspect emerges when we study the Fourier ex-
pansions of the single and double Eisenstein series. The former are given by the
well-known formula

(2mi) " Gr(r) = ((k) + gr(a), (10)
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where ¢ = e2™7, ((k) = (2mi)~*¢(k), and

gk(q) = (Cu* doubtle (k>2). (11)
(k - 1)' u,n>0 ~

The corresponding result for G, 4(7) is given by

Theorem 6. The Fourier expansion of Gy s(T) for r>3, s =2 is given by

(270) " Grs(r) = ((rs) + Y CPogn(9)C(p) + grs(@) (12)
ety

with ¢ = e2™7, Z(r, s) = (2mi)~"5C¢(r, s),

Cly = bap + (_1)8(;9—1) + Vl)“(i:i) €z (13)

s—1

and
( 'r+s

grs(q) = m

S wheigmen Q). (14)

m>n>0
u, v>0

We can reinterpret this theorem in the light of the following considerations. If
k is even, the case when Gg(7) is modular (or quasi-modular if k = 2), then by
Euler’s theorem the number ¢(k) occurring on the right-hand side of (10) is the
rational number — By, /2k!, which we denote by . Hence this right-hand side can
be replaced by the expression

Z(q) = gr(q) + B (k>2), (15)

which we call the combinatorial Eisenstein series because it is purely combinato-
rially defined as an element of Q[[g]] and is proportional to the usual Eisenstein
series (and hence modular) when k is even and > 4. In the same way, we define

Brsl@) = > CP Bypan(q) (r,s>2) (16)
h+p=r+s
and set
Zrs(q) = grs(q) + Brs(q) (r=3,s>2), (17)

the combinatorial double Fisenstein series. Then the right-hand side of (12) can
be rewritten as

Crys) + Y. CP.Cp)gn(a) + Zrs(q) - (18)

h+p=r+s
h,p>1,p odd

The three pieces in (18) lie in three non-intersecting Q-subspaces of C[[¢]] : the first
term is in C (more precisely, in R or iR depending on the parity of r + s), the
second term in iR[[¢]]°, and the third in Q[[¢]]°, where A[[q]]® = ¢A][q]] denotes
the space of power series without constant term with coefficients in a vector space
A. The first term is our familiar double zeta value realization of the double shuffle
relations. The second also fulfils the double shuffle relations, independently of the
arithmetic natures of ((p) and g5 (gq), because by a simple result which will be
proved in Section 2 (Corollary 2) the numbers C? ; for any odd value of p less than
r + s already satisfy these relations. The followmg theorem, which we will prove in
Section 7, says that the combinatorial double Eisenstein series, suitably extended
to the missing cases r = 1, 2 and s = 1, also satisfies the double shuffle relations.

Theorem 7. (Rough statement.) There is a realization of the double shuffle re-
lations in Q[[q]]° which in the region corresponding to absolute convergence agrees
with (17) and (15) and sends Py s to Z,(q)Zs(q) — BrBs for r, s > 2.
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If we now use (18) with the extended definition of Z, s(q) to define the double
Eisenstein series G, ¢(7) in the previously undefined cases r =1, 7 =2, and s =1,
then we find that there is also a realization {Z, s, P, s, Zi} of the double shuffle
relations in the space of holomorphic functions in the upper half-plane which maps
Zyrs to Gps(7) for 123,22, P s to Gp(7)Gs(7) for r, s > 2 and maps Zj to
Gi(r) for all k > 2.

Remark. Some of the ideas developed in this paper were already mentioned, in a
very preliminary form, in [15] and [16]. The discovery that there are unexpected
relations among ((od, od)’s starting in weight 12 originated with a question posed
by T. Terasoma about the linear independence, modulo 7*2, of (r, s) with r, s > 1
odd, » + s = 12. We also mention that there is a related phenomenon for the
“stable derivation algebra” of Y. Ihara [4] inside the Lie algebra of derivations
of the free Lie algebra on two generators. The recent paper of L. Schneps [14]
should have a close connection to our present work. Also related are several results
of A.B. Goncharov, who defined a coproduct structure on (formal) multiple zeta
values in [6] and described relations between double zeta values and the cohomology
of PSLy(Z) in [5].

Acknowledgements. H. G. and M. K. gratefully acknowledge financial support
by the College de France (Paris) and the Max-Planck-Institut (Bonn). M. K. was
partially supported by the Ministry of Education, Science, Sports and Culture,
Grant-in-Aid for Scientific Research (B), 15340014, 2003-2005.

2. THE FORMAL DOUBLE ZETA SPACE

We begin by discussing the double shuffle relations (3). The first follows from
the obvious decomposition of lattice points in N x N into the three disjoint subsets
{(m,n) | m>n}, {(m,n) | m <n}and {(m,n) | m = n}, giving the identity

(X X)mm- T w i

m>n m<n m2>1 n>1

which is precisely the first equation in (3). For the second, we can use the partial
fraction expansion

1 ZZ[ ) I Vv } (i+i=k.  (19)

mind - L= (m+n)™n*  (m+n)"ms

(Proof: Compute the poles of both sides as rational functions of n, with m fixed.)

In the formal setting, it is convenient to extend the set of generators and relations
in (3) slightly by including the case r = 1 (in the case of double zeta values, this
would give a non-convergent series): we introduce formal variables Z, ;, P, and
Zi, and impose the relations

Zr,s + Zs,'r - Pr7s_Zk (7’+S:]€),

—1 —1
S (T )+ ()% =Py +i=h). (20)
r+s=k i—1 ‘]_1

(From now on, whenever we write r + s = k or i + j = k without comment, it is
assumed that the variables are integers >1.)
The formal double zeta space is now defined as the Q-vector space

Dy = {Q-linear combinations of formal symbols Z, s, P s, Zi}
b (relations (20))
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Alternatively, since Eqs. (20) express the P; ; in terms of the Z, ,, we can define
Dy, as
D — {Q-linear combinations of formal symbols Z, s, Z}} (21)
b (relation (22)) ’

where relation (22) is given by taking the difference of Egs. (20):

ZJ(::D+(§:1>}Zr,s=2i7j+zj,i+zk G+i=k.  (22)

r4+s=

Of course, since both sides of (22) are symmetric in ¢ and j, it is enough to take
(22) for i <j. We thus have (for k even) k generators and k/2 relations, so

k
dim Dy, > B (k even). (23)
(We will see below that in fact equality holds.) Finally, we define the A-valued
points Dy (A) of Dy, for any Q-vector space A by
Dy (A) = Homg(Dy, A) = {(Zr.s, Zi)rrs=k € A* | satisfying (22)};
this can also be represented as the set of (2k — 1)-tuples (Z, 5, Py 5, Zi) satisfying
(20), and we will use both forms. An element of Dy (A) will be called a realization

of the double zeta space in A. For example, with A = R and any x € R we have
an R-realization of Dy, (for k > 2) given by

Ly s — {C(T’ S)’ ifr>1,
' K, ifr=1,
p o 46Cs), if r,s > 1, (24)
T k4 C—1,1) +C(k), ifr=lors=1,
Zy = C(k) .

Here we could also treat  as a variable and consider this as a realization in R+Q-x
or R[x].

We now introduce two convenient ways to work with Dj. The first is by gen-
erating functions. Let (Z, s, Prs, Zk)r+s=t € Di(A) be a realization of Dy, in A.
Then we can see easily that the identities (20) are equivalent to the relations

Xk—l _ Yk—l

Sk(X,Y)'FSk(Y,X) = mk(X,Y)—Zk X v , (25)

(X +Y)Y) +3u(X +Y, X)
for the generating functions

wXY)= > Z XTI Py(XY)= Y PLXTY!
r+s=k r+s=k

mk(Xﬂ Y)

of the Z, ; and P, respectively, in A[X,Y]. (Equations (20) just express the
equality of the coefficient of X"~1Y*~! in (25).) Similarly, (22) is equivalent to the
single relation
X +Y,Y)+ 33X +Y,X) - 3:(X,Y) — 3x(Y, X)
kal _ kal (26)
-y =

X-Y
for the polynomial 3.

As an example of the use of these equations, we will prove the first two identities
mentioned in the Introduction, namely the fact that all Z, ;’s are combinations
of P, ’s and of Zj, if k is odd, and the separate even and odd sum formulas as
given in Theorem 1 if k is even. For the first, we can work with (20) with the
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right-hand sides both replaced by 0 (because we want to work modulo all P, s’s
and Zi). Then (25) become simply 35(X,Y) + 3,(Y, X) =0 and 3,(X +Y,Y) +
3k(X +Y,X) = 0. Rewriting the latter equation as 3;(X,Y) +3x(X, X —-Y) =0,
we see that 3 is anti-invariant under the two involutions € : (X,Y) — (Y, X)
and 7 : (X,Y) — (X, X —Y). Since (e7)® maps (X,Y) to (—X,—Y) and 3 is
homogeneous of degree k — 2, these two relations imply 34 (X,Y) = (—1)*3,(X,Y),
so 3x = 0 if k is odd, proving the first identity. (One can refine this proof to give
an explicit formula for 3;(X,Y) as A(X,Y) — A(X, X - Y) + A(Y,Y — X), where
AXY) = 2o, Prs XTY Ze % .) For Theorem 1, it suffices to
apply (26) with (X,Y) = (1,0) and (1, —1). This gives (for even k)

1
36(1,1) = 34(0,1) = Zy, 31@(1,—1)—31@(071):—521@,

and Theorem 1 follows by adding and subtracting the equations.

We remark that it is occasionally convenient to work with the infinite product
D = [],, Dy consisting of collections of numbers {{Z, s}rs> 1, {Prs}trs>1, {Zctr>1}
satisfying (20) for all k. Then the corresponding generating functions 3(X,Y),
P(X,Y) and 3(T) = 3-) 5y Ze T satisty

B 3(X) —3(Y)
IXY)+3(Y, X) = BXY) - =F—~— (27)

I(X+Y,Y)+3(X+Y)Y) = P(X,Y),
and similarly for (26). For example, the reader may want to verify that the function
3(X,Y)—=3(0,Y)isequal to ) o X/m(m—X)(n—Y) for the realization (24)
and to use this to verify the k-less version of (26) directly for this generating
function. (The calculation—which requires some work—gives the result only up to
an additive constant, corresponding to the fact that (24) holds only for k£ > 2.)

The following proposition, which will be used in Section 7, gives some easy
solutions of relations (26) (with Zy = 0).

Proposition 1. Let A(X,Y) € Vi be a polynomial which is even with respect to 'Y .
Then the function

3(X,Y) = A(X,Y) — A(X, X — V) + A(V,Y - X) (28)
gives a realization of Equation (26) with Zy = 0.
Proof. One checks by direct calculation that if 3;(X,Y) is defined by (28) then
both 3x(X,Y)+3,(Y, X) and 35 (X+Y,Y)+3,(X+Y, X) equal A(X,Y)+A(Y, X).
Note that the assertion of the proposition also holds if A(X,Y) = A(Y,—-X) or if
A is anti-symmetric (with B = 0 in the latter case). O

Corollary. Let 0 < p < k be two integers with p odd. Then the numbers Z s = CL
(r+s=k) with CE defined by Equation (13) satisfy (22) with Zy = 0.

Proof. This is simply Proposition 2 applied to A(X,Y) = X*P~1y?P=1  The
corresponding numbers P, in (20) are equal to §,, +6s,. O

The second way of working with Dy, is by studying the relations among the Z, ¢
(or Zy s, P s and Zy). The following result gives a useful description of them. We
introduce the notation

Vk:<XT_1YS_1|7‘+S=k>, Vk*:<

p—m— S‘r+$—k>

We define an isomorphism Vi, — V¥ by
k—2 f
FX,Y)= ) s XTI = FY( =y ==
(X,Y) (7“ >f > (m,n)

mrns
r+s=k r+s=k
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Then we have the following

Lemma. Let F, G, H € V, and F*, G*, H* the corresponding elements of V}'.
Then the following two statements are equivalent:

(i) H*(m,n) = F*(m+n,n) + G*(m,m +n),

(i) FIX,)Y)=H(X,X+Y), GX)Y)=HX+Y)Y).

Proof. Equation (19) implies that any element h € V;* can be decomposed as
f(m + n,n) + g(m,m + n) for some f and ¢ in V}¥, and this decomposition is
obviously unique since f(1,z) has poles only at z = 0 and g(1 —z, 1) only at = = 1.
If f = F* etc., then an inspection of (19) shows that the coefficients f, s and g, s
of F' and G are related to the coefficients h, s of H by

r—1 s—1
fT’S:,Z <i_1)hi,ja gr,s:‘Z <]._1>hi,j-
i+j=k i+j=k
Using the binomial coefficient identity (*~2)(7=1) = (*22)(’2)) (r+s=i+j = k),

r—1)\i—1 j—1
we find that these formulas are equivalent to (ii). O

Proposition 2. Let a,; and A be rational numbers. Then the following three
statements are equivalent:

(i) The relation

Z ar,sZns = AZk} (29)
r+s=k
holds in Dy,.
(i) The generating function
k—2
AX,Y) = rs XTIV e 30
(x.¥) ;k<—l) eV (30)

can be written as H(X, X+Y)—H(X,Y) for some symmetric homogeneous
polynomial H € Q[X,Y] of degree k — 2, and

k—1 "
A= —/ H(t,1— t)dt . (31)

2 Jo

(iii) The generating function
a
A* — _rSs *
(m,n) Z pererl Vi (32)
r+s=k

can be written as f(m,n) — f(m +n,m) — f(m + n,n) for some f € V¥,

and
f(.1) —2A LY _ s, (33)

Proof. If we choose the symmetric polynomial H(X,Y) = X"~ lyn-ty xn-lym-1
and use the binomial theorem to compute the a, s in (30) and the beta integral to
compute A = (m — 1)!(n — 1)!/(k —2)!, then we find that (29) reduces to (22).
Since these H’s span the space of symmetric polynomials in Vj, this proves the
equivalence of the first two statements.

The equivalence of (ii) and (iii) follows by applying the lemma with F' = A+ H,
GX,Y)=F(,X)and f = F*, g(m,n) = f(n,m). To check that the values of A

in (ii) and (iii) agree, we again use the beta integral fol trl(1—t)s~tdt = %

to get (k—1) [ H(t,1 —t)dt = Y h, s = H*(1,1). O
Remark. We can also write (31) as A = £ 3 Ay, where H = Y (’::f) hy s XT7YYsL

A=
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The two approaches outlined above are equivalent by a duality which we will
discuss below, but it is very convenient to have both. As an example of the use of
the proposition, we give a second quick proof of Theorem 1 from the Introduction.
Taking H = X*=2 + Y*=2 in the proposition gives a, s = 1 (r # 1), a; 1 = 0,
A = 1, while taking H = (X —Y)*2 gives a, s = (=1)" (r # 1), a1 -1 =0, A =
Again adding and subtracting the two relations thus obtained gives (4).

As a second example, we observe that Eq. (22) contains no Zy ;_1, so that Zq ;1
is a free variable (as we already saw in the realization (24)). Thus a; ;—1 must
vanish in any relation of the form (29), and we can also see this in the proposition
by setting X = 0.

(SIS

3. USING THE ACTION OF PGL3(Z)

We have already repeatedly used the space Vi of homogeneous polynomials of
degree k—2in X and Y. We now make this approach more systematic by exploiting
two further structures on Vj: the action of the group I' = PGL2(Z) and the T'-
invariant scalar product. The former is defined in the obvious way by (F|y)(X,Y) =
F(aX 4bY,cX +dY) for v = (‘C’

the latter by

Z) (we suppose throughout that k is even) and

r—1y s— m—1y n— (_l)r
(xmtysmh xmly 1>:W5(ns),(mm)

m—1

(34)

for r,s,m,n>1, r + s =m +n = k. The invariance property (F|v, G|y) = (F,G)
is easily checked. We extend the action of I' on Vj to an action of the group
ring R = Z[I'] by linearity. Then (F|¢, G) = (F,G|&*), where £ — &* is the anti-
automorphism of R induced by v + y~!. We occasionally work with the model of
Vi consisting of polynomials f(x) of one variable of degree < k—2, corresponding to
the homogeneous model via f(z) = F(z,1), F(X,Y) = Y*~2f(X/Y). The group
operation in this version takes the form (f|y)(z) = (cx+d)* =2 f((ax +b)/(cx +d)).

The group I' contains distinguished elements. First there are the commuting

involutions
(0 1 5= -1 0
=1 o) “\lo 1)

sending F(X,Y) to F(Y,X) and F(—X,Y), respectively. The (£1)-eigenspaces
of ¢ will be denoted by Vki and the (£1)-eigenspaces of § by V¢ and V4; we
also write V,:“ev for the space of even symmetric polynomials and similarly for the
other three double eigenspaces of dimension k/4 + O(1). In PSLo(Z), we have the
elements

(0 -1 (1 -1 . (11 ;s (10
s=(3 ) v=(i W) reus=(5 ). m=vs=(5 ),

with the relations S2 =U? =1, S = &§ and
Ue=U?  eTe=T, 6T5=T7",  STS=T"".

We will also consider various special elements of the group ring Z[T']. First, we
have the projections
1 1
nt = 5(8 +1), = 5(1 —98), 7l = atred = 7odrt | ete.

onto V1, Vod y+od ete. Next, we have the element
A= (T—1(+1)

which by (26) essentially characterizes Dy, (Q): the codimension 1 subspace D{(Q)
of realizations with Z;, = 0 is identified precisely with Ker(A), and the full space
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Dr(Q) corresponds to the space of 3 € Vj, such that 3|A € Q- % We can
now interpret part of Proposition 2 (the equivalence of (i) and (i) when Z; = 0)
as the dual statement of this with respect to the non-degenerate scalar product
(34): a relation (29) with Z; = 0 is reformulated equivalently as (A|S,3) = 0
(compare equations (29) and (30); the extra “S” comes from the interchange of r
and s and the sign (—1)" in (34)). So this holds for all 3 € Ker(A) if and only if
AlS € Im(A*) = V,F|(T~1-1),i.e, ifand only if A € V,F |(T—1—=1)S = V" |(T"'—1)
(for the last step, use V,© = V,*|S and ST~1S = T”), and this is just (ii) of
Proposition 2. Finally, we have the element

A=1-cU+U? € Z[. (35)
It is related to the above elements by
AA = —47%d7t €z, (36)
as we see by the calculation
AT —1) = (1 -eU+UUS —1)
1-Ue-1)]S+U%(e-1) -1
= 51+ (5-US+U»(E-1),

followed by multiplying both sides on the right by € 4+ 1. It follows from (36) that
for any polynomial A € Vj which is even or antisymmetric or S-invariant, the
coefficients of A|A give a realization of Dy with Z, = 0 by taking 35 = A|A and
PBr = 277 (A). This is equivalent to Proposition 2 and the remark in its proof.

As an example for how to work with the structures just introduced, we prove
Eq. (5) from the Introduction. To do this, we define

Bun(xY) = (8RB0 ma—h @D

where B, (z) = >/ _ (;) B,, "~ * denotes the vth Bernoulli polynomial. The num-
bers A\, (7, s) defined in (6) are the coefficients of the generating series

> <ﬁ f) Amn(r,8) X771V = B (X, X 4+Y). (38)
r+s=k

The symmetry A, (r,s) = (—=1)™ 1\, (s, 7) mentioned for m odd in the Intro-
duction follows from this formula together with the standard property B, (1 —z) =
(—1)"B,(z) of Bernoulli polynomials (cf., e.g., [2]). Set ar, = (—1)*"*[(57")By_n—
Am.n(r;s)]. Then we see that the polynomial (30) has the form H(X,X +Y) —
H(X,Y) with H(X,Y) = Bp, »(X, X —Y). The symmetry property just mentioned
implies that H(X,Y) = H(Y, X), so we can apply Proposition 2 to get (29) with
A= 23(=1)* Ay n(r,s). This is (5).

4. REPRESENTING EVEN DOUBLE ZETA VALUES IN TERMS OF ODD ONES

In this section, we prove Theorem 2. Since we already know that dim Dy > k/2
(cf. (23)), we have only to show that any Zey ey is a linear combination of Zyq 04’s.
This means that any collection of numbers {a, s | 7+ s =k; r, s even} can be com-
pleted to a collection {a, s (r +s = k), A} satisfying (29) in Dj. By Proposition 2,
this is equivalent to showing that any polynomial F € V;° is the odd part of a
polynomial of the form H|(T — 1) with H € V; (since then Fle is the odd part of
H|(T' —1)). Thus the result to be proved is:
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Proposition 3. The space Vi, (k > 2 even) has the decomposition
V& + VT -1) =V

Proof. Here it is more convenient to use the 1-variable model. Let V,I° C Vj, be
the fixed point set of the involution g(x) — ¢g(1 — ). Then we have the following
commutative diagram with the top row exact:

T-1

0 — Q-1 — VI

llJrafaU Tﬂﬁd

T-1

Vel — 0

Vi ViI(T -1

To see the exactness, we first observe that if g € VkT‘S then the polynomial f =
g|(T — 1) is odd because, from T6T = ¢ and g|Td = g, we deduce g|T = g|d.
Conversely, an odd polynomial f(x) € Vj has degree <k — 3 (since k is even) and
hence can be written as g(x+1)—g(x) for some g € V. But then g|(T6—1)(1-T) =
gl(T—1)(1+6) = fl(14+6) =0, s0 g|(T'd — 1) is a constant and hence zero since it

vanishes at x = 1/2. (One can also argue that the map V,7°/Q - 1 fltt V¢4 which
is obviously injective, must be an isomorphism because both sides have dimension

k:/2—1.) Tt is clear that the kernel of V70 3104 is Q-1. Next, we have to show that
h = g|(1+ ¢ — €U) is symmetric for g € V;°. This follows from eUe = U? = T'SU
and thus gleUe = ¢g|T'SU = ¢|6SU = gleU. The commutativity of the square now
follows from the calculation

(e—eU)(T-1)=(T—1)e(1+0)+(1-ToHe(1-U)T,

which implies that (h — ¢)|(T — 1) = g|(e —eU)(T — 1) = g|(eT — 1)e(1 + ) which
vanishes under |(1 — 9).

It follows from the diagram that the map 7°% : V,'|(T — 1) — V;°4 is surjective
which is equivalent to the statement of the theorem. [

The proposition and its proof give us an explicit way to realize the asserted
decomposition by starting with any basis of V,7°. To obtain a relation (29) with
prescribed values a, s = fr s for r and s even, we write the generating function fle €
Vodas g|(T—1) with g € V%, then A = g|(14+e—cU)(T—1)e = g|(1+e—cU)(T'—1)
has odd part f and belongs to V,/|(T” — 1), so that Proposition 2 applies. To
obtain explicit relations of this decomposition, we can choose any basis of the
space of functions symmetric about = 1/2. In particular, from the three bases
g(x) = (20— 1)F=272 (22 — 2)" and Ba, (), where 0 <v < (k —2)/2, we get three
explicit collections of relations. For the first one, suitably normalized, we find that
the coefficients of the associated relation (29) are

9s—1 (T;Vl> (r, s even)
ars = _2T_1(52—V1) £y e (7‘; 1) <S ; 1) (r,s odd),
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Table 1: Relations among double zeta values of weight 12 coming from Proposition 4. Each row
of the table gives a relation among the (formal) double zeta values displayed in the top line. The

Z1,11 column has been omitted, since all of its entries would be zero.

g(z) Z210 Zas Z6,6 L84 £10,2 Zio | Zso Zsz Zrs Zes Ziia
1(00) 2z — 1)1 512 128 32 8§ 2|18 —3 —15 —63 —255 —1023
() 2z —1)8 0 384 320 168 72| —2L| 99 -243 —387 —243 45
() 2z —1)° 0 0160 280 252 | 1221 294 -238 —62 —14 210
109 (22 — 1)t 0 0 0 56 168 Al -126 -14 2 -14 210
102z -12| 0 0 0 0 18| -ZI 9 -3 -3 13 45
(10) (a* — x)? 1 4 o0 of -3 0 0 —% -2
()@ -ot ) 0 3 2 0 0 —3 0 0 -2 -2 0
() (@® =) 0 0 5 § 0 1 0 -14 -10 0 0
(@-z2| o 0 0 7 0| -4 0o 28 3 Z o
(')) (2% — ) 0 0 0 0 9 D] —18 —24 24 -16 0
(10) Buo() 1 0 0 0 0|4 ¥ 165 3 165 T3

(§) Bs(x) 0o 3 0 0o of il -3 5 2 -1 _3
() Bs(z) 0 0 5 0 0 —4| 10 -18 -15 1 10
(")) Bu(z) 0 0 0 7 0| B 14 14 16 - 14
(') Ba(2) 00 0 0 9 1| -3 -9 -9 -1 15

3 0 0 0 0 0| -—% 11 11 1

and for the second basis we find

1/k—2 _V_ r, S even),
o [ () e
D

2\r—-1 k—2—2v v
r—y—1>_ (r—y—1> (r, 5 0dd)

(we omit the value of A in this case). In both cases, the coefficients for r, s even
form a triangular matrix. The third family g(z) = Ba,(z) yields Eq. (7), as the
reader can check as an exercise by imitating the proof of Eq. (5) which was given at
the end of Section 3. The following table gives these three collections of relations
for the case k = 12.

5. DOUBLE ZETA VALUES AND PERIOD POLYNOMIALS

In this section we describe various connections between period polynomials and
the (formal) double zeta space, and prove Theorems 3 and 4. Since both of them
involve period polynomials, we begin by reviewing these. The definition of period
polynomials was already given briefly in the Introduction. The motivation comes
from the connection with modular forms, which we will review in the next section.
Here we discuss only the algebraic properties.

The space Wy, is defined as

Wi = Ker(14+S)NKer(1+U +U?) C Vi, (39)

i.e. as the intersection of the (—1)-eigenspace of the involution S and the sum
of the (%)—eigenspaces of the element U of order 3. Since eSe = S and
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eUe = U?, the involution ¢ acts on W}, and splits it as the direct sum of subspaces
Wki = Wi N Vki of symmetric and antisymmetric polynomials. Since elements
in Wy, are also (—1)-eigenfunctions of S and since Se = €S = 4, we also have
Wi =wpd ¢ V,:“Od and W,- = W C V, ", Another important property of
period polynomials is given by the following lemma.

Lemma. Let k > 2 be even. Then
Wk = Ker(l T — T/, Vk)

and
WiE = Ker(1-T 5 Te, Vi) .

Proof. It is equivalent for f € Vj to be in Ker(1 —T —T") or to satisfy f|(1+S5) =
fl1+U+U?), since (1-T—T")S = (1+S)—(1+U+U?). But a polynomial which
is fixed by both S and U is fixed by the full modular group and thus vanishes. The
second assertion of the lemma follows from the first, because if f is annihilated by
1-T—-T'=1—T —¢eTe and f|e = +f then f is also annihilated by 1 — T F Te,
and conversely if f is annihilated by 1 — T F Te then f = f|T(1 +¢) € Vki and
hence fl1 =T -T")=fl(1-T —eTe)=0. O

Remark. The operator £ =1—T —T" plays a key role in the discovery by J. Lewis
that there are holomorphic functions annihilated by this operator which have the
same relation to the so-called Maass wave forms as period polynomials have to
holomorphic modular forms ([10], [11]). We call the equation f|£ = 0 the Lewis
equation.

As in the Introduction, we denote by Py, the subspace of Dy, spanned by the P,
(and Zj, but it can be omitted by virtue of Theorem 1), and by Py the subspace
spanned by the Feycy. Note that P;V corresponds to generating functions in VkOd
because of the shift by 1 in the exponents of X and Y.

Theorem 3. The spaces PyY and W, are canonically isomorphic to each other.
More precisely, to each p € W,  we associate the coefficients p,s and ¢rs (r +
s = k) which are defined by p(X,Y) =Y (f:f) prs X YT and p(X + YY) =
> (fj) qr s X" 7Y Then gvs — qs.r = prs (in particular q¢.s = qs, for r,s
even) and

Z qnsZr,s =3 Z qr,sZns (mOd Zk)7 (40)
r+s=k r+s=k
r, s even r,s odd

and conversely, an element Zns odd Cr,sZr,s € Dy belongs to PrY if and only if
Crs = Qr,s GTISING N this way.

Remarks. 1. The equivalence of the first and last statements of the theorem
follows from Theorem 2: since the Z,q04 form a basis of Dy, it is equivalent to
speak of elements of Pg¥ or of relations of the form ) (%) Pev,ev = Y. (%) Zod,0d-

2. Since the double zeta realizations ((r)¢(s) and ¢(k) of P, (r, s even) and
Zy, are rational multiples of 7%, and since 7% is a Q-linear combination of Zoq,0a’s
by Theorem 1, Theorem 3 as stated here contains the “rough statement” given
in the Introduction. (The number of relations drops from dim W, = dim M}, to
dim Sy, = dim M}, — 1 because one relation gets used up to eliminate ((k).)

Example 1. For every even k > 2, the space W, contains the polynomial p(x) =
2F=2 — 1 (in the inhomogeneous notation). Here p(x + 1) = >t (f:f)xr’l, ie.,
g1,k—1 = 0 and all other g, s are equal to 1, and Theorem 3 reduces to a weaker

version of Theorem 1.
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Table 2: The coefficients pr,s and gr,s for p(z) = z2(z? — 1)3 € W,.

r 1 2 3 4 5 6 7 8 9 10 11
s 11 10 9 8 7 6 5 4 3 2 1
1260 pr s 0 0 -—28 0 18 0 —18 0 28 0 O
1260 gr,s 0 0 0 84 168 190 150 84 28 0 O

Example 2. The space W7, is 2-dimensional, spanned by the two polynomials
p(r) = 2'° — 1 and 2%(22 —1)3. For the latter, we have p(z+1) = 28+ 827 + 2525 4+
3825 + 2821 4 823, so the p, s and ¢, 5 of the theorem are given (after multiplication
by 1260) by the table

The ¢, s with r and s even (underlined) are symmetric and the relation (40), divided
by 3, becomes

190
28734 + ?Z&G + 28748 = 2879 3 + 15027 5 + 16875 7 (mod Zlg),

in agreement with Eq. (9) of the Introduction. The example for k = 16 given there
arises in the same way from the polynomial p(z) = 2?(22 —1)3(22* — 22 +2) € W,
Proof. The function ¢ = p|T satisfies ¢|(1 — ¢) = p|(T — Te) = p|(T + eTe) =
p because p is antisymmetric and satisfies the Lewis equation. This shows that
gr,s — ¢s,» = Dr.s and also means that if we decompose ¢ in the obvious way as
=g+ ¢ +¢°T +¢°4~, then ¢*~ = L p and ¢°%~ = 0. Write [a, b, ] to
denote ag®t + bg®~ + ¢¢°®t. Then
0,2,0]|T" = p|T" = pleTe = —p|Te = —qle = [-1,1, —1],
[17 _]-7 _1} ‘TI = q|ST/ = p|TST/ = p|S: -pP = [07 _27 0]7
and hence
2,0, =2][(T" =1) = [-1, =3, 1] — [2,0, =2] = [-3, =3, 1].

This says that ¢°d — 3¢°Y is the image under 7" — 1 of the symmetric polynomial
2((]*"’”r —q°d7+), so Proposition 2 implies Eq. (40). (The omitted coefficient of Zj, in
(40) is easily determined, by computing the integral in (31), as >_(—1)""'q, .) This
gives a map W, — P;¥ which is obviously injective since the antisymmetrization
of the coefficients on the right-hand side of (40) are the coefficients of p itself.
We omit the proof of surjectivity since it will follow from Theorem 4 below that
dim W~ = dim P}", so that injectivity suffices. [

Theorem 3 tells us that, given any relation of the form (29) in Dy, with a, s = as ,
for r and s even, there exists a unique element p € W, such that the a,, with
r, s odd are equal to the numbers ¢, s in the theorem. On the other hand, given
an element of P;Y, its representation as a linear relation of the generators Pey ey
is not unique, because these generators are not linearly independent. The next
proposition, which is a first form of Theorem 4 of the Introduction, describes the
relations among them, i.e., all relations of the form (29) with a, s = as, for all
r and s. It turns out that in any such relation the odd-index a, , all vanish (in
accordance with the widely believed and numerically verified statement that there
are no relations over QQ among products of values of the Riemann zeta function at
odd arguments), while the even-index a, s are related to the space W,j .

Proposition 4. Let a,, and p be numbers with as, = ars. Then the following
three statements are equivalent:

(i) The relation

> arsPrs=pZi (41)
r+s=k

holds in Dy,.
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(i) The generating function

k—2
AX.Y) = s r—1ly,s—1

(X,Y) Z(r_l)a,x Y € Vi (42)

r+s=k

can be written as A = H|(1 — S) for some H € V' NV,*, and
Xk—l _ Yk—l
=(H, ————). 4
p= o, (13)
(iii) The generating function
a?”S

A* = — Vi 44
mn= 3 s ew (44)

can be written as f(m,n) — f(m+n,n) — f(m,m+n) for some symmetric
feVvy, and
= f(1,1). (45)
If these statements hold, then a, s =0 for odd r and s.

Proof. Except for the assertions about the value of the constant p, which we will
leave to the reader, each part of this proposition is equivalent to the corresponding
part of Proposition 2 of Section 2 with the extra condition that a,s = as,. For
(i) this is obvious; for (iii) it follows because f(m,n) — A*(m,n) = f(m +n,m) +
f(lm + n,n) in Proposition 2 is always symmetric, so that A is symmetric if and
only if f is; and for (ii) it follows because if H € V,I, then the element H|(T'—1) is
symmetric if and only if H = H|U (because H|T'(e — 1) = H|(1 — U)T), in which
case H|(T" — 1) = H|(T — 1) = H|(S — 1). The last assertion of the proposition is
then clear since A € V;I|(1—8) c Ved. O

Proposition 5, without the statements concerning p, says that the following are
equivalent for symmetric A :
") Y arsPrs =0 (mod Zg);
(ii') Ae VI -8);
(iii") A* € V¥|(1 =T —T") (in the obvious notation).
Statement (ii’) in turn is equivalent to
(iv') A€ Vedand A L W, with respect to the scalar product (34),

because for v € V' we have:
v is orthogonal to (V;""7)|(1 = 8) = Vi|(1 + U + U?)(1 +¢)(1 — S)

s o|(1-8)1+e)(1+U+U?) =0

& o|(1-9)(1+e)€Ker(l+U+U?)NKer(l+S)NKer(l—¢) =W,

s ve W + V. + V.
On the other hand, (i) is equivalent to the condition that > a, sP.s = 0 for any
realization {Z, s, P, s, Z} of Dy with Z, = 0, while (iv’) says that all aoq,0q are
zero and > a, sprs = 0forany p = > p, X" 1Yl ¢ W,j The equivalence of (i)
and (iv') therefore says that any symmetric collection of numbers { P, s (r, s odd)}
can be extended to a realization of Dy with Z; = 0, while a symmetric collection
of numbers {P, s (r, s even)} can be extended to a realization of Dy, with Z = 0 if
and only if the corresponding generating function belongs to W,:r . This is precisely
the statement of Theorem 4 as given in the Introduction in the case Zj = 0. (For
the full statement we need the extended period polynomial space W,j , which will

be discussed in the next section in the context of modular forms.) Before doing
that, we give a slight improvement of the result just stated. This result says that,
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if P is any polynomial belonging to V"V or to W, C V,:“Od, then there exists a
Z € Vy, with

Z|(14¢) = P, Z|T(l+¢) = P. (46)
The following proposition makes this explicit:

Proposition 5. (i) Let P € V,"*. Then Z = L P|A with A as in (35) gives a
solution of Egs. (46).
(ii) Let P € W;\'. Then Z = £ P[(T~' +1) gives a solution of Egs. (46).

Proof. (i) The identities A(1+¢) = 14+¢eand AT = S+T(1—¢) together with
Ple = P|§ = P immediately imply (46).

(ii) By Lemma 5, P satisfies the Lewis equation P|(1 — T —T’) = 0. Hence,
using Ple = P and P|§ = —P, we find

Pl(1+T H(1+e)=2P+P|(T" ' —6T ') =3P+ P|(1-T—-T)T"' =3P
and P(T~' +1)T(1+¢)=2P + P|(T+T")=3P. O

6. DOUBLE ZETA VALUES AND MODULAR FORMS

In this section we reinterpret the results of Section 5 from the modular point
of view. To do this, we begin by reviewing the theory of period polynomials of
modular forms on PSLy(Z), including various supplementary results which are less
well-known and which are needed here.

The period polynomial associated to a cusp form f € Sy can be defined by

Py(X,)Y) = /O - (X =Yk 2 f(r)dr. (47)

The identity (aX +bY) — (cX +dY)7T = (a — c7)(X — v~ 1(7)Y) together with the
modularity of f shows that

771 (o0)

Prheey) = [0 v par

for any v = (Z Z) € I';. In particular,

Pi(l=T T = (/OOO _/_O: —/01)(X—Y7)k_2f(7)dr — 0,

so Py € Wy, by Lemma 5. (One can also verify that Ps|(1+S5) = P¢|[(14+U+U?) =0
directly by a similar calculation.) This gives the basic connection between cusp
forms and period polynomials. The complete Eichler-Shimura-Manin theory, of
which summaries can be found in many places (e.g. [9]), tells us that the maps
assigning to f the symmetric (odd) and antisymmetric (even) parts PJj‘ and P,
of Py give isomorphisms from the space Sy of cusp forms of weight &£ on I'; onto
W, and a codimension 1 subspace of W, . (The latter was determined in [8].)
The theory is also “defined over Q" in the sense that the even and odd period
polynomials of a normalized Hecke eigenform f are proportional to polynomials
with coefficients in the number field generated by the Fourier coefficients of f,
and transform properly under Gal(Q/Q). For instance, the even and odd period
polynomials of the modular form A € Sj2, in the inhomogeneous version, are
multiples of 2% (210 —1) — z?(2? —1)? and z(z* —1)?(2* — 4)(42” — 1), respectively.
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For f € M, with f(oo) = ag # 0 the integral (47) diverges, but the modified
definition [17]

To

~

Py(X,Y) = /OO(X—YT)k_Q(f(T)—aO)dT+/

T0 0

ao

(X —Yr)k2 (f(T) - —k)dT

T

ao 1 Tl_k
1 <? — OX ) (X —Yr)k! (any 10 € 9)
makes sense, since the integrals converge and the derivative of the right-hand side
with respect to 79 vanishes. We call this function the extended period polynomial
of f. For instance, the extended period polynomial of the Eisenstein series Gy, is

. . k
2mi C(k - 1) (Xk—Q _ Yk—Q) _ (27T2)k Z & Bk_r XT’—lyk—T’—l

2k —2 2k —2 = ! (k—r)!

where B, denotes jhe rth Bernoulli number. ~
The function Pf(X,Y) no longer lies in Vj, but in the larger space Vi, =

PDris=k C- X"71Y*~1. On the other hand, the same calculation as before shows
r,s 20
that it is again annihilated by 1+ S, 1+ U +U? and 1 — T — T". (The group I'y

does not act on ‘7k, but it acts on the larger space C(X,Y) of rational functions in
two variables, so this statement makes sense.) In other words, P belongs to the
space
Wi = Ker(1+ S, Vi) NKer(1+ U + U2, Vi) = Ker(1 =T —T", Vi),

which we call the space of extended period polynomials. This space fits into a short
exact sequence 0 — Wy, — W, —C—0, wheAre A associates to P € W}, the
coefficient of X*~1/Y in P. By writing P = P+ A(P)(X*~1/Y +Y*~1/X) we can
identify Wy, with the space

Wi = {(P,\) € Vi xC|P|(1+5) = P|(1+U +U?) + A®), =0},
where @, € Vj is the polynomial

Xk—l Yk—l )
BL(X,Y) = ( —+— )‘(1+U+U)
B (kal_(X_Y)kfl +ykfl+(X_Y)k71 kal_ykfl)
N Y X X-Y

Corresponding to the canonical splitting My = Si & C - G of modular forms
into cusp forms and Eisenstein series, we have the splittings Wy = Wy & C - &,

W\k =W, C- (gk,Bk), where

+

Yk—l Xk—l
X Y )

. k

E(x,y) = <T> B, B, X"V = £,(X,Y) + Bk(
r+s=k
r,s 20

(48)

The space ﬁ/\k also splits into symmetric and antisymmetric parts W,f Since &, is
symmetric, we have W,:r = W,:r ®C-Eand W, =W, .

If f and g are two cusp forms, then the Petersson scalar product (f, g) is propor-

tional to the pairing (P;[(T' —T~"), P;") ([7), [8]). (It is essential that odd period

polynomials are always paired with even ones, because if f is a normalized Hecke
eigenform then the coefficients of Pfi belong to w4 (f) Q[X, Y] with some constants

w4 (f) whose product is essentially (f, f). But the “straight” pairing (PfJr , Py
would vanish since P;r and P, have opposite symmetry properties and also op-
posite parity. The effect of |(T'— T1) is to change odd polynomials to even ones
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and vice versa.) This pairing is Hecke invariant, but we do not explain this here
since we have not discussed the action of Hecke operators on period polynomials.
It extends in a natural way to a pairing W\,j x W,~ — C in such a way that the
codimension 1 subspace of W, corresponding to period polynomials of cusp forms

is precisely the space of polynomials whose pairing with EA;.C vanishes (cf. [8]). The
result (Theorem 9 of [8)]) is

Prifesd={ Y (Dax v 3 (1) T rpsan, =0},

r+s=k r+s=k
where
_ _ J—1\(k k
e 3 ()~ ()
0<j<k
j even (49)

k—1 k—1
-1t —~ By.
G R G I
Equation (49) says that x,  is essentially the coefficient of X" ~1Y*~1 in & |T with
& as in (48).
We can now easily extend Proposition 5 (and hence the preliminary version of

Theorem 4 mentioned in the previous section) to a statement concerning W,j rather
than W,j . Given any symmetric extended period polynomial

P= 3 p.X"vle W
r+s=k

7,520
T, s even

(so that )\(13) = Pr,o = Do,k), there is a realization of Pj, with

Pr.s (r, s even),
P, ’ Z -2 .
ol {0 (r, s odd), kT TEPk0

To see this, instead of going through the whole proof of Proposition 5, keeping
careful track of the constant p, it is sufficient (since W,:r has codimension 1 in
W,j ) to check this for one single extended “polynomial” P which belongs to W,j
but not to W,", and this is easy: the function &k defined in (48) has coefficients
P.s= (’;C)BTBS = 4k! 8,85, where 3, = ((r)/(278)" = —B,/2r! (r >0 even), and
on the other hand the original double zeta realization of Dy, has P, s = ((r)((s) =
(27i)* 3,35 and Z, = ((k) = (27i)*B,. This completes the discussion of extended
period polynomials and the proof of Theorem 4.
We also mention the corresponding extension of Proposition 5:

Supplement to Proposition 5: If P=prP+ AXFEY =1 4 X=1YR=1)  then we
have a solution of (25) with P = P and Z = —2X\ given by

1 1 AXEL
3 = —P\(T +1) + 5 7 U?(1+¢)(5—3U + Ue)
)\Xk 1 Yk—l

Proof. Just apply the calculation of the proof of part (i) of Proposition 5 to P
with 3, = £ P|(1+T7") since P satisfies the same relations as P. [

If we apply this result to the special case pP= ikEAk then We find that, as well
as the “Euler realization” of Dy in R with ZF, = C( s), Pr, = C(r)(( ) and
ZE = ((k), we also have a “Bernoulli realization” with ZP = 51@7 T . = [r0s (so
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that Pf’s = 0 if r and s are odd and k > 2), and with Zf’s
Bernoulli number”

_1 m— ﬁrﬁs ﬁk k—1 k—1
e L A R o)

equal to the “double

r
m4n=k
1 -1 k—1 k—1 1
m+n=k
m,n >0

These are almost exactly the same as the numbers (49) occurring in the result
on the image of cusp forms in W, cited above! Also note that the number Z5, is
essentially the double zeta value ((1—r,1—s)/(r—1)!(s—1)! at negative arguments,
which has been studied in [1].

The Bernoulli realization has the same even-index p, s as the Euler realization
(up to a factor (27i)*), but 0 instead of the presumably transcendental values
¢(od)¢(od)/(2mi)*; the fact that both the original P, s and the new ones can be
realized in Dy, is an illustration of the fact that the numbers Poq o4 in Py are com-
pletely unconstrained (this corresponds to the vanishing of a4 04 in Proposition 5).

The results of Section 5 were formulated purely algebraically, but we can now
easily relate them to the theory of modular forms. A result of Rankin ([13]; see
also [8]) says that, for a normalized Hecke eigenform f € Sy, one has

> (F GG XY T = ¢ PA(X,Y),
r+s=k

r, s even

where ¢y is essentially P; (1,0).
5rﬁs

In particular, the cusp forms G,G, — G, satisfy the same linear relations as

elements of W,j , o they form the coefﬁments of an element

B X Y) = 3 (Go(n6.(r) = TEGu) XY e W s
r,s>1
r+s=k

But then setting &; = &), — Gr(7)E; gives the much simpler statement that

the polynomial

QB

G X,Y) = Y Go(n)Gi(r) X" 1ye!
r,s 20
r+s=k

belongs to W,j ® M},. Theorem 5 follows immediately.

7. DOUBLE EISENSTEIN SERIES

At the end of the last section, we applied Rankin’s result relating products
of Eisenstein series to period polynomials of cusp forms to show that there is a
realization of the double shuffle space Dy, sending P, to Gr(7)Gs(7) and Zj to
G(7) for all r, s and k. This proof, however, is very indirect, and in view of the
simplicity of the final statement one would expect that there should be a simpler
and more natural argument. This is indeed the case, as we now explain. This
alternative approach also leads directly to the double Eisenstein series which are
the final topic of this paper.

We present the argument in a more abstract form than we will use here. Let A be
a discrete subgroup of C (or possibly some more general commutative topological
field) which is totally ordered, i.e. can be decomposed into a disjoint union A* U
{0} U(—A™) with A closed under addition. For m, n € A we write n > 0 to mean
ne€ A" and m > n to mean m —n > 0. Then we claim that, at least in the range
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for which the sums Z(r) = Y . m~" converge, the numbers P, , = Z(r)Z(s) and
Zy, = Z(k) give a realization of Pj. Indeed, by (iii) of Proposition 2 we can write
A*(m,n) = f(m,n) — f(m+n,n) — f(m,m + n) for some f € V ®C and

Y ansZ(Z(s) = Y A'(mn) = ( PIEEED DS )f(mm)

r+s=k m,n >0 mn>0 m>n>0 n>-m>»0
= > A(mn) = f(1,1)Z(k).
m=n>0

Applying this concept to the special case where A = Z7 + Z for some number 7
in the upper half plane $) with the ordering described in the Introduction, we find
that indeed the functions {G, (1) Gs(7), Gi(7)} give a realization of the { P, ,, Zj }-
part of Dy. The corresponding realization of the {Z, ;}-part is given by the double
Eisenstein series G s as defined in the Introduction. In this section, we study these
in more detail.

A simple estimate shows that the series defining G, converges absolutely if and
only if £ > 2 and the series defining G, if and only if s > 1 and r > 2. Our
first object is to compute the Fourier expansion of G, s (Theorem 6). We begin
by recalling the corresponding computation for G, which is of course well-known.
We define power series 9 (q) and ¢ (g) in Q[[g]] — both actually polynomials of
degree k in ¢/(1 — q) — by

LN 1
A = 1 S ) = —gia ) (31,
T u=1
The Lipschitz formula says that

Z% — @ri)eile) (50)

k
a€Z T+ a)
for 7 € § and all k> 1, where ¢ = e*™ as usual and where the sum on the left-
hand side has to be interpreted as a Cauchy principal value if &k = 1. Applying this

to Gi(7) with k> 2, where the summation in the non-absolutely convergent case
k = 2 is to be carried out in the order >, we find

Gu(r) = Yoar + 30 2 e = () + (i) (o)

a>0 m>0 a€Z

where
)k—l

gela) = Y Q™) = = Y ((;u_il)!qm“. (51)

m>0 m, u>0

The statement of Theorem 6, which we repeat here for convenience, was that the
Fourier expansion of G, s(7) in the convergent case is given by the analogous formula

Grs(T) = Clrys) + D CP 2r)"gn(a)C(p) + 27i)'grs(a),  (52)
h+p=k

where k = r + s, CP is a simple numerical coefficient given by (13), and

T,

—u r—1 —v s—1
mal) = 5 AR = 3 T g (5)
m>n>0 7Z7>vn>>00 ’ :

(The condition & > 1 and p > 1 in (12) can be dropped, even though the definitions

of ((p) and gn(q) are problematic in these cases, because C? ; vanishes when p = 1
orp=r+s—1unlessr=1.)
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Proof of Theorem 6. We divide the sum of the defining series of

1
GT’,S(T) =
B RN CTa
into four terms, according as m =n =0, m >n =0, m =n > 0, or m >
n > 0. It is obvious that the terms of the first type give the double zeta value
¢(r, s) and that those of the second type give (G (1) — ((r)){(s) = (27i)"g,(q){(s),
while those of the fourth type, again by virtue of the Lipschitz formula (50), give
(2mi)* Y, a0 @r(mT)@s(nT). (Note that it does not matter here whether we
write @5 or 2o since we are assuming that both r and s are greater than 1.)
Finally, the sum of the terms of the third type can be written as > ¥, ,(m7),
where )
U, s(1) = —_
2 TG

This sum converges absolutely because we are assuming that r, s > 2, and is ob-
viously periodic. To calculate its Fourier development, we use the partial fraction
decomposition

1 _ (1@ oD
T o rt e H;Jcpma)h T o bn }

(compare (19)), where ¢ = a — b > 0 and where we use our usual convention that
the condition “h + p = k” tacitly includes “h>1, p>1.” Using (50) yet again, we
obtain

o = X [eo (P2 e (P2 [cw enirten.

s—1 r—1
h+p=r+s

where the implied interchange of order of summation is justified because the ex-
pression in square brackets vanishes if p = 1 (because r and s are > 1) or h = 1
(because the binomial coefficient (Hr'ff) is symmetric in r and s). Replacing 7 by
m7 and summing over m > 1 replaces ¢y by gy in this expression, and combining
with the terms already computed, we obtain the desired formula (52). O

As explained in the Introduction, we want to do two things: find the “right”
definition of the double Eisenstein series G, s(7) in the cases when the original
series defining it does not converge absolutely (i.e., if r =1 or 2 or if s = 1), and
give a purely combinatorial proof that the extended function satisfy the double
shuffle relations. As also already explained, for the latter purpose we can ignore
the term ((r, s) and the terms with p odd in the middle sum in (52), because they
individually satisfy the double shuffle relations (the latter because of the corollary
to Proposition 2 in Section 2). If we remove these terms, then what is left, after
division by (27i)* (where k = r + s is the total weight as usual) is the power series
Zr.s(q) defined in (17). We now extend this definition to all values of r and s by
setting

1
ZT,S(C]) = gr,s(Q) + BT,S(Q) + 3 57’,5(6]) (r, s>1), (54)
where g, 5(¢) is defined by (53), B,,s(q) by
Brsla) = D C2Bponl)  (ns>1, r+s=k) (55)
h+p=k
ith 8, = By B, = pth B 1li b d
with 3, = | (B, = pth Bernoulli number), an

ers(q) = 0r295(9) = 0r195-1(0) + 051 (97-1(0) + 9-(0)) + 0r105192(q),  (56)
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k
i) == Y meba@) = TE X it = 2ol ala. 6)
m>0 T om,u>0
Notice that (3, was previously used only for p even, where it was defined by 3, =
(2mi)7P((p) and hence equal to —B,/2p! by Euler’s theorem; now we take the latter
formula as the definition for all values of p. This does not affect the definition when
r and s are larger than 1, so that (55) agrees with (16) in these cases, because 3, is
0 for odd p > 1 and C},,S =0 for r, s > 1 (as we already used in the above proof).
Since the further correction terms (56) are non-zero only if » < 2 or s = 1, they do
not occur in the region of convergence of G, s, so that (54) agrees with the earlier
definition (17) in the cases where it was applicable. The reason for the various terms
in (56) will become clear in the course of the proof of Theorem 7, but one term
has a clear explanation which we can mention now: in the above derivation, the
only place where it mattered that s was strictly greater than 1 was for the absolute
convergence of the inner sum in G, 5(7) =32, (m7+a)™" > >, (n7+b)7°, and
if we interpret this sum as a Cauchy principal value and use (50) here too, then we
see that the only effect on the final calculation is to replace the factor ¢%(q) in (53)
by ¢s(g). Since they differ only by the constant —1/2 when s = 1, and not at all
otherwise, this adds —2651 3,,-0(m—1)¢2(¢™) = 3651 (97_1(a)+9-(q)) to gr.s(q),
and this accounts for the third term in the definition of ¢, s(¢). Finally, we mention
that (56) apparently contains the term g§(g) when r =1 or s = 1, and this is not
defined by the last formula in (57) (although the other two formulas do still make
sense and lead to the definition g&(q) = g2(¢)), but this is not important because
the two terms in (56) that potentially involve g§(g) occur only when r = s = 1 and
then cancel.
After these long preliminaries we can finally state and prove the full version of
Theorem 7 from the Introduction.

Theorem 7. There is a realization in Q[[q]]® of the double shuffle relations (20)
for all weights with Z, s(q) defined by (54),

P s(q) = 9-(9)9s(q) + Brgs(q) + Bsgr(q) + %(&,2 95(q) + 052 9:(q)) (58)

for all v, s> 1, and with Zy(q) = gi(q) for k > 2, Zs(q) = 0.

Proof. The proof will be shorter than the discussion leading up to the statement.
Of course we use generating functions. We drop the “(¢)” in the names of elements
of Q[[¢]] and systematically write v(X) and v(X,Y) for the generating functions
Yks1 e X 1 and a1 Y, s X" 1Y 71 associated to sequences {vx} or {v,s}
indexed by one or two integers, respectively. Then from the definitions (51), (57),
(53), (55) and (56) we have

— 1/1 1
BX) = Zﬁka ' = 5(}_6)(—_1)7

k>1
l—q“’

b=}
s
I
]
S
e
T
|

k=1 u>0
1 q
* — * k-1 _ —wx 4
g (X) B ngX T X (Ze (1_qu)2 g2>7
k=1 u>0
g(X, Y) = Z gns X’I‘*lysfl — Z 67UX7UY qmu+nv
r,sz1 m>n>0

u, v>0
u+v
q

_ Z equvK qu
u, v>0 1—q"1—q"+”’
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BXY) = 3 Xyl = % gpgh< 3 Cﬁg}(?’—lys—l)
rs21 h,p>1 r+s=k
= D2 By (YPIXT (X -y (XM - yhY)
h,p>1
=B(Y)g(X) = B(X =Y) (9(X) = g(Y)),
eX,Y) = ) e XY = (X - Y)g"(Y) + X' (X) + g(X) + g2,

r,s>1

and we want to show that the generating functions

30Y) = g(X,¥) + BLY) + Se(X,Y),

P(X,Y) = g(X)g(Y) + B(X)g(Y) + B(Y)g(X) + %(Xg*(Y) +Yg* (X)),

3(X) = 9(X) — g2
satisfy (27). So we must calculate Z(X,Y)+Z(Y, X) and Z(X+Y,Y)+Z(X+Y, X)
for each of the three pieces Z = g, 3, and ¢ constituting 3.
From the above formulas for the generating functions we find

Uu v u+v
XY) + g X) = Y e (A 1 1
g( ’ )“!‘9(7 ) € (1_qu+1_qv 1_qu+v

u, v>0

B equvK qu qv B qu+v

= u;g (1—q“ 1—qv 1_qu+v>
e(1—u})Y _ 6(1—w)X w

= o(X)9() > e

w>OeY eX
= g(X)g(Y) + mg(y) - WQ(X)
0ty — S _ X =¥ g0~ gt)
BX,Y) + BY, X) = B(Y)g(X) + B(X)g(Y)
9(X) —g(Y) X -V, 9(X)—g(Y)
S5y T coth( 5 ) 5

e(X,Y) + (Y, X) = Xg*(Y) + Yg"(X) + 9(X) + g(Y) + 292,

and adding up these three equations (the last with a coefficient 1/2) we obtain the
first of equations (27) for 3, B and 3 as defined above. Similarly, we have

XYY g4y = (4 Jerr Lot
v>u>0 u>v>0 A

X

(Z o Z )e—uX—legqu 1zqv

u, v>0 u=v>0

sX)gr) = 3 e (o )

= (1-¢9? 1-¢
= g9(X)g(Y) = (X +Y)g" (X +Y) — g2 — g(X +Y),
X +YY) + B(X+Y,X) = B(X)g(Y) + B(Y)g(X),
e(X+YY)+e(X+Y,X) = Xg*(V)+ Yo" (X)+2(X+Y)g" (X +7Y)
+ 29(X +Y) +2g2,

and combining these gives the second of equations (27). O
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Remarks. 1. It is notable that the power series defined by (58), with the constant
term [3,.0s added, is a modular form of weight r + s for all even r, s > 0, the
correction terms 0,295 (q) and d, 29,5 (¢) being just what is needed to compensate
for the non-modularity of (8, + ¢-(q))(8s + gs(q)) when r or s is equal to 2.

2. One can also ask whether it is possible to lift Theorem 7 from Q[[¢]]° to all of
Q[[g]] by adding a suitable constant term to Z, s(¢) in such a way that the relations
(20) still hold when we add 3,0s to P, s(q) in order to make it modular for r and
s even. This is equivalent to finding a realization of Dy, in Q with P, 3 = 3,03, for
r and s even. One such realization is provided by the “Bernoulli realization” given
in Section 6, but there may be other ones which are more naturally related to the
combinatorial double Eisenstein series Z, s(q).
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