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ALGEBRAIC CYCLES AND MOTIVIC GENERIC ITERATED
INTEGRALS

HIDEKAZU FURUSHO AND AMIR JAFARI

ABSTRACT. Following [GGL1], we will give a combinatorial framework for motivic study
of iterated integrals on the affine line. We will show that under a certain genericity
condition these combinatorial objects yield to elements in the motivic Hopf algebra
constructed in [BK]. It will be shown that the Hodge realization of these elements
coincides with the Hodge structure induced from the fundamental torsor of path of
punctured affine line.

1. Introduction

Using cubical algebraic cycles, Bloch and K¥iz [BK] constructed a category of mixed
Tate motives over any field F (MTM(F') for short). They also constructed its Hodge
realization and étale realization functor. Under the K(m,1)-conjecture (cf. §2), the
desired formula

(1.1) Extiyrp oy (Q0), Q(n)) = gr] Kon—i(F)q

holds in this category. Here RHS is a graded quotient of the algebraic K-theory for
F with respect to y-filtration. Our final aim is to construct a motivic fundamental
group of the affine line minus finite set in MTM(F'), which is equivalent to construct
motivic iterated integrals. Our main results in this paper is a construction of motivic
iterated integrals in generic positions.

In contrast there is another category of mixed Tate motives constructed for a
field with characteristic 0 satisfying the Beilinson-Soulé vanishing conjecture, that
is, grYKo,_p(F)q = 0 for p < 0 with (r,p) # (0,0). This category is a heart of
t-structure given in [L1] of the sub-triangulated category generated by Tate motives
inside the triangulated category of mixed motives over F' constructed by Voevodsky
[V] and Levine [L3]. This category admits Hodge and étale realization [L3, H] and
satisfies the desired formula above. Deligne and Goncharov [DG] constructed a mo-
tivic fundamental group of the affine line minus finite set in this category. This gives
motivic iterated integrals in this category. As far as we know, the interrelationship
between this category and that of Bloch-Kftiz’s mixed Tate motives are not known
well although they are conjecturally equivalent. Deligne-Goncharov’s construction of
motivic fundamental group minus finite sets does not imply the existence of motivic
iterated integrals in the category MTM(F') of Bloch-Kiiz’s mixed Tate motives.
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For sg,...,sn+1 € C and a topological path y(¢) (0 < ¢ < 1) with y(0) = s¢ and
v(1) = spy1. and y(t) N {s;} = 0, the iterated integral is defined to be

. /Sn+1 dt oo dt - / dry(t1) Aeee A dy(tn) .

S0 t— 51 t— s, 0<t1 <<t <1 y(t1) — 51 Y(tn) — sn
For elements so,...,s,41 € AL, we want to construct a motivic analogue of the
above iterated integral which will be an element of the motivic Hopf algebra xg(n)
(definition 2.1) and we denote it by I(so;s1,-..,8n;Sn+1). The special case with
so =0,8 =1, 8 = =35, =0, sp41 = 2z which (up to a sign) represents

Li,(2) := Yo, 2% /k™, was constructed in [BK]. Unfortunately in order to have an
admissible cycle we have to assume the following genericity condition;

Definition 1.1. The sequence s, ..., Sp+1 is generic if either sg = 5,41 holds or the
non-zero terms do not repeat.

This generic condition is more enlarged than the condition given in [GGL2], where
it is assumed that all s;’s are non-zero and distinct. With allowing zero to repeat
we recover the expression given in [BK] for the polylogarithm, and moreover we get
expressions for (several variable) multiple polylogarithm Li,, . .. (#1,..., %) for
the values z; such that z;...2; # 1 for 1 <7 < j < n. In fact the method will
work for certain sequences which are not generic, examples of such sequences are
(0581,...,8,;a) where at most two of s;’s are equal to 1 and the rest are zero. This
will imply the existence of a motive giving double zeta value ((n, m) with n+m: even
for a number field F'(§8).

Our construction of motivic iterated integrals in generic position is based on the
combinatorial framework of trees. We will consider a sum of trivalent trees with
prescribed decorations and define motivic iterated integrals to be its corresponding
cycle in Definition 4.4.

Theorem 1.2. If F' is a subfield of C, the Hodge realization of the motivic iterated
integral (—1)"1(so; S1,- - -, Sn; Snt1) agrees with the framed mized Hodge Tate structure
corresponding to the above iterated integral.

We will prove that motivic iterated integrals satisfy the usual properties of the
iterated integrals, namely:

Theorem 1.3. Under the above genericity assumption for a,b,s; the elements
I(a; s1,...,8n;b) satisfy the following properties:

(1) Triviality: 1(a;b) = 1 and I(a; s1,. .., Sp;a) = 0.

(2) Shuffle relation:

I(a; 81,y 80:0) - 1(a; Spaty- -+ Snam; b) = Z I(a; 85(1)5 -+ + s So(n+m); b)-
oeSh(n,m)

Here Sh(n,m) is the set of bijections 7 : {1,...,n+m} — {1,...,n+ m} satisfying
T <---<7(n), 7(n+1) < ---7(n+m).
(8)Path composition:

n
]I(a’;slv"'asn;b) = ZH(G;Sl,...,Sk,C) H(C, Sk+1a"'7sn;b)'
k=0
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(4) Antipode relation: 1(a; s1,...,8n;0) = (=1)"L(b; $p, . .., S1; Q).
(5) Coproduct formula:

k
AH(G;Sl,. . .,Sn;b) = E H(a; Si13 Sigs - .,Sik;b) & H]I(sij;sij+17 . .,Si].+1,1;8ij+l)
j=0
where the sum is over all indices 0 = ip < i1 < -+ < ik < igr1 =n+1 and sp :=a

and Spy1:=band k=0,1,....

The content of the paper is as follows. §2 contains a review of definition of cubical
cycle complex and the motivic Hopf algebra x r of [BK]. The definition of bar complex
is recalled where we use a different sign convention from [BK]. §3 gives a combinatorial
differential graded algebra (DGA) built out of rooted decorated trees. The main idea
is due to Goncharov [G1]. A morphism from the generic part of this DGA to the
cubical cycle DGA is given. This extends the definition given in [GGL1]. In §4
for a given tuple (ag;ai,...,a,;a,11) in a finite subset S of Al(F), we give our
proposed definition for motivic iterated integral I(a). It is built out of a specific cycle
p(a) defined using 3-valent trees. (The relation between 3-valent trees and iterated
integrals were first studied by Goncharov in [G1] and [G3]). The crucial property
is a formula for the differential of this cycle. Theorem 1.3 is proven in §5, using
the definitions of the previous section. §6 and 7 involve the important calculation of
Hodge realization for the motivic iterated integrals when the ground field is embedded
inside C. This calculation justifies the name motivic iterated integral for the elements
I(a) constructed in §4. In §8 we give some complementary remarks for the non-generic
case.

This work is an extension of [GGL1]. We have been informed that Goncharov,
Gangl and Levin completed its subsequent paper [GGL2|, a part of which overlap
with a part of ours.

2. Bloch-Ki#iz’ category of mixed Tate motives

A differential graded algebra (DGA) with Adams grading is a bi-graded Q-vector
space, A = @A"(r) where n € Z and r > 0, such that A"(r) = 0 for n > 2r and
A(0) = Q, together with a product A™(r) ® A™(s) — A"*™(r 4+ s) that makes A
into a graded commutative algebra with identity (the signs are contributed from the
differential grading and not the Adams grading), and a differential d : A"(r) —
A"F1(r) that satisfies the Leibniz rule.

We now recall the bar construction. For our future need we develop the theory
in a more general setting. Let A be a DGA with Adams grading and let M be a
right DG module over A with a compatible Adams grading. Let AT = ®,~0A(r).
Define B(M, A) = M @ (Q°® A*[1]) . The elements of B(M, A) are denoted by a bar
notation as m[ay| ... |a,] which has a degree equal to deg(m)+deg(ai)+. .. deg(a,)—r.
The graded vector space B(M, A) is a differential graded with total Adams grading.
The differential d is given as the sum of two differentials, the external and internal
differentials:

dezt(mlas|. .. |ar]) = dmlaq]...|a,] + Z Jml[Jaq| ... |Ja;—1ldas|ai+1] - . . |ar],

i=1
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and
r—1

dint(mla1] ... la.]) = Jm - ailas|. .. |a,] + Z Jm - [Jaq|...|Jai—1|Ja; - aiy1|- .- |ar],
i=1

where the operation .J is given by J(a) = (—1)9°8(®)~1q on the homogeneous elements.

Note that deg(a) — 1 is the degree if a in the shifted complex A[1]. If M is the trivial
DGA, we have a coproduct (where the empty tensor is 1 by convention)
Al -las]) = [a1]. .. |as] @ [asia] .. . |ar].
s=0
Up to this point all the constructions work for a DGA which is not necessarily com-
mutative. The product is defined only when both M and A are commutative DGA’s
by the shuffle

mlar].. Jar] - m/[apg1] . args] =Y sgna(o)m - m/[ag)] . . ag(ss)]

where o runs over the (r, s)-shuffles (an (r, s)-shuffle is a permutation c on 1,...,r+s
such that o71(1) < --- < o7 }(r) and o7 (r + 1) < --- < 07 1(r + 5)) and the sign is
obtained by giving a;’s weights deg(a;) — 1. These data make B(A) := B(k, A) into
a commutative differential Hopf algebra with an Adams grading. Taking H® with
respect to the differential gives a commutative graded Hopf algebra HYB(A).

Following [BK], we now introduce the cubical cycle complex. Let F be a field
and denote O := PL\{1}. Then the permutation group on n letters the symmetric
group &,, acts on (0% and also we have an action of (Z/2)" given by €- (z1,...,2,) =
(x1t,...,x5) where € € {1, —1}". Therefor we have an action of G,, := (Z/2)" x &,
on [0%. Let Alt, € Q[G,] be the element |G, |™" >_gea, S9n(g)g where for g =
(€,0) € Gy, sign is defined by ([], €;)sgn(c). We also define a face of 00} as a subset
defined by setting certain coordinates equal zero or infinity. We are now prepared to
define the DGA with an Adams grading V' = Ng:

N™(r) = Altg,_, Z(OF ", 7).

Notice that although r > 0, n can be negative. Here Z(O%,r) denotes the Q-span
of the admissible codimension r subvarieties (i.e. closed and integral subschemes
that intersect all the faces of codimension > 1 properly, i.e. in codimension r ) of
O%. The product structure is given by Zy - Zy := Alt(Z1 x Zz). The differential
d: N™(r) — N (r) is given by d = 327" (=1)""1(8} — 8, where for ¢ = 0, oo,
0! is obtained by the pull-back of the cycles under the inclusions 0% ~"~! < O% "
given by letting the ith coordinate equal to ¢. Using the results of [B1],[B2] and [L2]
it is shown in [BK] that:

(2.1) H"(N(r)) 2 CH"(F,2r —n) @ Q = gr) Ko, (F)q.
Here CH"(F,n) denotes the Bloch’s higher Chow group of Spec(F).

Definition 2.1. ([BK]) The category MTM(F) of mixed Tate motives over F' is the
category of finite dimensional graded comodules over the motivic Hopf algebra, the
graded commutative Hopf algebra yp := H°B (NF). More explicitly a mixed Tate
motive over F' is a graded finite dimensional Q-vector space M with a linear map
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v: M — M®xr such that it respects the grading and (id®A)(v(a)) = (v®id)(v(a))
and (id ® €)(v(a)) = a where A and € are the coproduct and the counit of xp.

The K(7, 1)-conjecture says that the complex Az should be quasi-isomorphic to the
complex of its Sullivan 1-minimal model. This is stronger than the Beilinson-Soulé’s
vanishing conjecture saying that the complex should be cohomologically connected.
Under the K(m,1)-conjecture, we have

(2.2) Ext?\/[TM(F)<Q<O)’ Q(n)) = Hz(NF(n))

(see [BK]| and also [KM]). Here Q(n) is a copy of Q sitting in degree —n. The
equalities of (2.1) and (2.2) give the desired formula (1.1). As far as we know the
validity of Beilinson-Soulé’s vanishing conjecture is known for number fields, function
fields of the curve with genus 0 defined over number field and their inductive limits
whereas the K(m,1)-conjecture is open for all fields.

3. Trees and cycles

The graph complex was introduced in the seminal work of Kontsevich in [K]. The
differential given here first appeared in [G1]. This section is a complement to [GGL1].

Let S be a set. We define the DGA 7g (with an Adams grading) of rooted S-
decorated planar trees. A rooted S-decorated planar tree is a connected finite graph
with no loops, such that each edge has exactly two vertex and no vertex has degree 2.
Each vertex of degree one is decorated by an element of the given set S and one such
vertex is distinguished as a root. Decorated vertices which are not a root are called the
ends. External edges which are not with a root are called leaves. Furthermore such
a tree has a given embedding into the plane. The embedding into the plane defines a
canonical ordering on the edges which is obtained by going counter clockwise starting
with the root edge. The root defines a direction on each edge which is the direction
away from the root.

Definition 3.1. (Tree algebra 7g). The free graded commutative algebra generated
by the rooted S-decorated planar trees, where each tree has weight equal to its number
of edges, is denoted by 7g. There is a bi-grading where a rooted tree in 7g'(r) has r
ends and 2r — n edges.

For a rooted S decorated planar tree T', with a given edge e, the contracted tree
T/e € Tg is defined as follows: If e is an internal edge then T'/e is obtained by
contracting the edge e, keeping the root and decoration and embedding in the plane
as before. If e is an external edge (i.e. an edge with a decorated vertex) then T'/e is
obtained in several stages. First remove e and its two vertices. Denote the connected
components by 71, ..., T (in the order dictated by the embedding), add a vertex to
the open edges of these trees and decorate it by the decoration of the vertex of e. For
the trees that do not have a root, make this newly added vertex their root. T'/e is
the product of rooted S decorated trees e(e)T} ---Ti. Here €(e) is £1 according to
the orientation as we now explain. Each planar tree has a canonical ordering on its
edges given by going counter clockwise on the edges starting from the root. The sign
e(e) is defined from comparing the ordering defined by Tj - - - T}, and by T with the
edge e removed. If these two ordering differ by an odd permutation the sign is minus
and otherwise it is plus. Two examples are given in Figure 1.
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a a a
a
)\[
b ¢ db ¢ d b ¢ db cd

FIGURE 1. T'wo examples of contraction of edges

Definition 3.2. (Differential). For a rooted S decorated planar tree T in 7g the
differential is given by dT = ng)(—l)i_l(T/ e;). Here the ordering is given by the
embedding by going counter clockwise starting from the root and e(7') is the number

of edges of T'. This will be extended by Leibniz rule to all of 7g.

The differential satisfies d> = 0, from which it follows that 7g becomes a commu-
tative DGA.

Definition 3.3. Let S and S’ be two sets. The DGA of double decorated rooted
trees 7g g is the free graded algebra generated by rooted S-decorated planar trees
together with a decoration of edges with values in S’. We require three conditions:

(1) The two decoration of the leaves (one is of its edge and the other is of its
external vertex) are distinct (we do not make this assumption for the root).

(2) For any edge decorated with s" and final vertex v, either v is a decorated vertex
or there is an edge starting from v with the same edge decoration.

(3) Any path between two labeled vertex with the same label s, passes through the
vertex of an edge decorated with s.
It is easy to check that the previous differential defines a differential structure on this
algebra if we make the following modification: we do not collapse leaves whose vertex
decoration is same as the edge decoration of their mother edge (its adjacent edge).
Notice that the collapse of such an edge will produce a tree that does not satisfy the
condition (1) above, nevertheless it does not produce any problem since this produces
another tree with a root vertex decorated by same label as the root edge and the cycle
associated to such a tree will be zero in the following definition. An example is given

in Figure 2.
a a a a p
c
c d _ c| d
S d
b c [ b ¢

FIGURE 2. An example of differential of a double decorated tree

Bearing in mind the integral f: t‘i—tb, for an oriented edge e with origin vertex
labeled by @ and the final vertex labeled by b (they can be elements of F' or variables)
and the edge labeled by ¢ define the function f(e) = CC‘T_S. We will define the following

map which generalizes a construction of Gangl, Goncharov and Levin in [GGL1]:
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Definition 3.4. (Forest cycling map). Let S be a non-empty subset of Al(F).
Decorate the internal vertices of elements of 7g g/ by independent variables. Give
each edge the direction that points away from the root. The forest cycling map
associates an element T of 7 (r) the following cycle of codimension r inside (15"
p(T) = Alto,—n(f(e1),..., f(ear—n)). Here eq,...,ea._, are the edges of T with the
ordering induced from its embedding.

Let us explain this in more details. Let I be the set of internal vertices. Then
(f(e1),..., f(ear_p)) is a rational function from ¢ : (P*) --» (P1)2"~" and p(T) is
defined by the alternation of the following cycle: ¢, ((P*)!)NO% ~". This is a cycle of
dimension equal to the number of internal vertices and hence the codimension equal
to the number of end vertices.

Proposition 3.5. The map p: Ts,s» — N is a well-defined morphism of DGA’s.

Proof. The compatibility with product: p(T17T2) = p(T1)p(T2) is clear since T
and T, have different variables for their internal vertices. Therefore to show that
p(T) is admissible and dp(T') = p(dT), we can assume that T is connected. To show
that p(T) is admissible, first notice that this cycle does not intersect with the faces
obtained by letting some coordinate take the value co. If the function associated to
the edge e from a to b with label ¢ is equal to co then we are in one of the following
two cases. Either b is a variable and b = ¢, in which case the edge ¢’ starting from
b with label ¢, gives the value 1 which is not in O (such an edge exists because of
condition (2) above), or a is a variable and a = oo , in which case the edge ¢’ ending at
a gives the value 1. Now if we restrict the cycle p(T") to the face with i*M_coordinate
(corresponding to the edge e; from a to b) equals zero, this means that we have to let
a = b. Therefore we get p(T/e;). By induction on the number of edges we see that
p(T) is admissible and as a side we have proved that dp(T") = p(dT’). Notice that for
the induction to work we need to assume validity of the condition (3) in Definition
3.3, this is because a single edge with labels a and a gives the cycle {0} — {oo} which
is not admissible. U

Remark 3.6. The map p factors through a quotient of 7g g+ which we denote by
7 5,57 Two decorated trees T} and T3 in 7g s which can be transformed to each other
by an automorphism of trees respecting the labels have the relation T = €T, where
€ = 1 if the automorphism is an even permutation of the edges and € = —1 otherwise.

4. Iterated Integrals and trees

Let S be a non-empty subset of A'(F). For a; € S, for i = 0,...,n + 1 define

t(ag;ai,...,an) € T¢(n) as the linear sum of all rooted planar 3-valent trees with n
leaves decorated by aq,...,a, (in this order) and its root decorated by ag. We define
t(ag; ar, ..., an;any1) = t(ags a1, ..., an) — tani1;ar,. .., an).

In this definition ¢(a;b) = 0 by our convention.

Proposition 4.1. The differential of t(ap; a1, ..., an;ant1) is given by
- E t(a0§alv~-'aaiyajJrlw--§an+1)t(ai§ai+1w-'aaj§aj+1)
0<i<j<n

where the first term is obtained by removing a;+1 up to a;.
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Proof. The contraction of internal edges will cancel each other (cf. Figure 3).

FI1GURE 3. The contraction of the thick edge will give the same graph
but with opposite signs

FIGURE 4. Grouping the trees

The term —t(ao;. . ., Gi, Gj11, - - - Ant1)t(as; Git1, - - -, aj41) in the differential is ob-
tained by grouping the trees in Figure 4 by contracting the edges corresponding to
the labels a; and a;4;. O
Definition 4.2. (Admissible decomposition). An admissible decomposition of
(ao;a1,...,an;an4+1) is an ordered decomposition D = P; U --- U Py of the regular
polygon with vertices (with clockwise order) ag,...,a,4+1 into subpolygons P; by

diagonals which do not intersect each other. The ordering should satisfy the following
admissibility condition. If for ¢ < j, P; and P; have a common edge and their union has
vertices a;,,...,a;, in clockwise ordering starting with the vertex with the smallest
index, then the edge a;,a;, should belong to P;. For a subpolygon P with vertices
ai,,...,a;, ordered as above we let ¢(P) := t(a;,;...;a;, ), and for a decomposition
D=P U---UP; welet t(D):=[t(P1)|...|t(P)] € B(T)?, where 7 means 7Tg.

Corollary 4.3. The element T(ag;...;an+1) := Y. pt(D) € B(T)? (where the sum
is over all the admissible decomposition of a as above) has differential zero so defines
an element in H'B(T) denoted again by T(a).

Proof. The differential of ¢(D) for an admissible decomposition D = Py U---U Py
has two part, the external differential

k

S IHP)| . |dH(P)[E(Pigr)] - [1(P)]

=1
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and the internal differential

k—1

SRR PP J(P)]

i=1
but according to proposition 4.1: dt(F;) = — >, t(Fi;)t(F;;
over all possible division of the polygon P; into two sub-polygons F;; and Pi’j by a
diagonal. This shows that the internal differentials for admissible decompositions of
order k will be canceled each other or by the external differentials of decompositions
of order k — 1. Therefore the differential of the sum over all possible decompositions
vanishes. O

Let 7 be the sub-DGA of Ty generated by admissible trees, i.e. those trees that

the non-zero labels do not repeat. There is a map of DGA’s dec : T — Tg 10,1}
given by decorating the leaves with zero label by 1 and the rest of edges by 0.

) where the sum is taken

Definition 4.4. For generic sequence (ag;ai,...,an;an4+1), i.6. a sequence with
non repeating non-zero terms, define the motivic analogue of the iterated integral
(—=1)" f;"+1 i oo o 7 by p(dec(T(ag; a1, - -, an;ant1))). This is an element
of xr(n) = H*B(N)(n) and will be denoted by I(ao;...;an.1). Here p: %57{071} —
N (for Tg 101} see Remark 3.6) and it induces a morphism p : HOB(TS,{OJ}) —

H°B(N).

In §7, it will be shown that the Hodge realization of this element agrees with the
framed mixed Hodge Tate structure of the above iterated integral.

5. Proof of the Theorem 1.3

In this section we will prove theorem 1.3 from the introduction. It shows that
I(ap;...;ant+1) deserves to be called motivic iterated integral. In fact we have con-
structed I(ag;...;an4+1) as the image (under the morphism p o dec of an element
T(ag;...;anq1) in B(T)? with zero differential, where 7 stands for ’]~'S7{071}. We will
prove the identities of theorem 1.3 as identities in B(7)? with I replaced by T'. This
obviously implies the corresponding identities in H’ B(N).

We take I(a;b) = 1 as definition. Since ¢(a;...;b) = 0 for a = b it follows from the
construction that T'(a;...;b) = 0 for @ = b. This proves the first part of the theorem.

We now prove the shuffle relation. Let D = P;U- - -U P, be an admissible decompo-
sition of (a;s1, ..., Sptm;b). For a permutation o of s1,. .., Sp+m we denote by o(D)
the decomposition of (a;545(1); - -, So(ntm); b) obtained by permuting the vertices of
the polygons by o, with the ordering remained as before. Suppose that one of the
polygons P; of the decomposition D has vertices (in order) s;,...,s; , such that
the sequence i1, ...,14; is mixed, i.e. it has both numbers less than or equal to n and
numbers bigger than n. We show that

S P [ (P))] - [H(PL)] =0

where the sum is taken over all shuffles o of (i1,...,7;) for the indices less than or
equal to n and those bigger than n. To prove this for any 3-valent tree with decoration
Siy,---,8;, (with this order or an order obtained by a shuffle of them) we define a dual
tree that cancel it. The separating edge of a tree decorated by s;,,...,s; means the
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first edge (using the ordering of the edges) that has the property that one of the
sub-trees that grows out of this edge has decoration by indices less than or equal to
n and the other one has decoration by indices bigger than n. For a tree T with the
separating edge e we define its dual the tree obtained from this tree by switching the
two sub-trees of e, this is obtained by a shuffle on the decorating and clearly cancels
T, in the modified algebra 7. Therefore we have to only consider the decompositions
of (@;84(1); -1 80(n+m); b) for (n,m)-shuffles o, that are clean, i.e. each subdivision
polygon with vertices s;,, ..., s;,, has the property that all the indices i1,...,%; are
either bigger than n or less than or equal to n. It is easy to see that the sum of T(D)
over this decompositions is equal to T'(a; 1, ..., $n;0)T(a;Sp+41, -y Sntm;b). This
finishes the proof of the shuffle relation.

We now prove the path composition formula. For an admissible decomposition
D=P U---UP, of (a;s1,...,8n;b), let P, = P;, P;,..., P, be the sub-polygons
with b as a vertex. Using the trivial identity:

(S5, 5 85,:0) = (85,5 .., 85,:¢) +t(c;. .., 85,5D)
we can replace {(F;,) as the sum of two terms (P} ) + ¢(P;’) where P/ is obtained
by replacing the last vertex b by c in P;, and similarly PZ’; is obtained by replacing
the first vertex (the one with the smallest index) by ¢. Therefore we can write ¢t(D)
as

17"

l
D P P )] (PP - [E(Pn))-
k=0

The k'" term of this sum when P;, = (c;s;,...;b) belongs to the product
I(a;s1,y ...y 8i—1;0)0(c; 84, .. .3 b).
It is clear that this way we get an identification between the terms in I(a; s1,. .., Sn;b)
and Z?jll I(a;s1, ...y 8i—1;¢)0(¢; 84y - . ., Sp; b). This finishes the proof of path compo-
sition.
The proof of coproduct formula goes as follows. Recall the coproduct
n
Alay| ... Jan]) = [a1] ... |ar] @ [arga] . . an].
r=0
Thus for a decomposition D = P, U--- U P,,, we have

m
AUD) = SUP| - [H(P)] @ [H(Pria)] . [H(Pw)]

r=0
Taking the sum over all decompositions such that P, U --- U P, is the polygon
(@; Siqy---,8i,,b) for a fixed sequence 0 = g < i3 < -+ < i < Gpy1 = n + 1
and varying r we get the term

k
T(aa Si1ySigy ey Sigs b) ® H T(Sij ; si_7'+17 ey s’i_7'+1—1; si_7~+1)
j=0
in the coproduct. This finishes the proof of coproduct formula.
To prove the antipode relation note that the mirror dual of a tree with n ends is

equal to that tree time (—1)""! in the modified algebra 7, so if we switch a and b as
well a sign of (—1)™ will appear. This finishes proof of the theorem 1.3. ]
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6. Review of the Hodge realization

In this section we review the construction of Bloch-Kfiz for associating a framed
MHTS to an element of HOB(J\/ ). In fact for our application it is only enough to
recall §8 of [BK] where they give the Hodge realization for H B(N”) for a particular
sub-DGA N’ of N.

Let w(n,r) be a collection of real oriented subvarieties of (P!)" of codimension 2r.
Assume that for S; € w(n,r) and Sy € w(m,s), S; x Sz € w(n + m,r + s), and for
o€ Gy =(Z/2)" xS, 0d(51) € w(n,r). Moreover assume that the intersection of
an element of w(n,r) with a hyperplane ¢; = 0 or co belongs to w(n — 1,r). Define a
DGA with an Adams grading by:

D"(r) := Altlim Hy, 5, (SUJT> ", T* ")

where J" is the union of all the codimension 1 hyper planes of (P')" obtained by
letting one coordinate equal to 1. The limit is taken over all S € w(2r — n,r). This
has a natural structure of DGA (cf.[BK] §8).

Definition 6.1. The pair (N, D) as above, is called admissible if the following con-
ditions hold:
(1) The Adams graded pieces H° B(N”)(r) are finite dimensional Q-vector spaces.
(2) All the support subvarieties of the elements of N’ belong to w(x,*). Hence
there is a natural morphism of DGA’s: ¢ : N/ — D given by the fundamental class.
(3) The map Ao : D — Cl[z] sending an element ¢ € D°(n) to (2mi)" ([, wan) - 2™
and D' for i # 0 to zero, is a well-defined morphism of DGA’s. Here w,, = (27ri)*"dz%/\

RN % and C[z] is a DGA with trivial differential and concentrated in degree zero
with an Adams grading given by powers of x.

(4) It 3", [ad| . . . |ak ] € B(N")" has zero differential,
then the element Y, o(a})[ab|. . .|al ] € B(D,N") is in d(B(D,N")°).

(5)The map « : H*(D/N'(r)) — Hay, ((P'\{0,00})" UN(r) U J?", J?) [Tory
preserves integration of wq,.. Here N(r) is the union of codimension r algebraic sub-
varieties of (JZ" that intersect all the faces properly and + is the map:

v @HHQT(J2T7 H) — H2r ((Pl\{07 OO})QT U N(T) U j2T7 L72T)
induced by inclusion, and H runs over hyperplanes with one coordinate equal to one.

Let us quickly recall the notions from mixed Hodge-Tate structures (MHTS’s). A
MHTS H is a finite dimensional 2Z-graded Q-vector space Hyr = @©, Ho, together
with a Q-subspace Hp of Hyr ® C such that for all m:

Im HB N (@ H2n oY C) PT—Oz H2m & C = (27Ti)mH2nz~

nm

A morphism f is a graded morphism fyr from Hgr to H)j, such that fsr ® 1 :
Hqr ® C — H), ® C sends Hp to Hp, this induced map is denoted by fp. The
notion of framed MHTS was introduced by Beilinson, Goncharov, Schechtman and
Varchenko in [BGSV]. This will give a concrete way of thinking about the Hopf
algebra of the coordinate ring of the tannakian Galois group. A framing on a MHTS
H is the choice of a frame vector v € Ha, and a coframe vector © € Hom(Has, Q). Two
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framed MHTS (H,v, ) and (H’,v’,9") such that for an integer n there is a morphism
from n-Tate twisting H(n) — H' that respects the frames, are called equivalent.
This relation generates an equivalence relation. The equivalence classes of framed
MHTS is denoted by xagrs. This is graded where [(H,v,?)] where v € Ha, and
0 € Hom(Hss, Q) has degree r —s. It is easily shown that the negative weights vanish.
The product
[(H,v,0)]- [(H',v",?")] = [(H® H,v®@v',0®79)]

and the coproduct

A=PAn: An[(Hv,0)] = [(Huv,b) @ [(Hb,)

make xprgrs into a Hopf algebra. Here b; is a basis for Hs,, and l;i is the dual basis
for Hom(Hay,, Q). It can be shown that the category of finite dimensional graded
comodules over xgrs is equivalent to the category of MHTS’s.

Under the conditions explained above on D Bloch and Kftiz prove that:

Theorem 6.2 ([BK]). The graded Q-vector space H B(N") = @, H°B(N")(r) where
H°B(N")(r) means its degree 2r-part, together with the subspace defined by the image
of the map A defined as composition

HBD,N') 22, B (Cla], M) =2 BOBN)c
is a pro-MHTS. We denote its sub-MHTS on ®o<r<n H B(N")(r) by HN",n).

The realization map Real), ¢ : H'B(N')(n) — xamrs(n) is given by send-
ing a € H’B(N')(n) to the framed MHTS H := H(N’,n) whose frame is given
by a € H'B(N")(n) = Hy, and whose coframe is induced from the augmentation
isomorphism H’ B(N”)(0) — Q. It is proven in [BK] that:

Theorem 6.3. The realization map Realy;yrs is morphism of graded Hopf alge-
bras. It is equal to the composition of HB(N") — H°B(N') with the general Hodge
realization Realyrars : HOB(J\/) — xmHTS constructed in §7 of [BK].

7. Proof of Theorem 1.2

In this section we assume that F' is a subfield of C and S is a finite subset
of F. We will calculate the Hodge realization of I(a) € H°B(N’), where a =
(ao;a1,...,an;ant+1) is a generic sequence in S. We will do this parallel to the special
case with a9 =0, a1 =1, a3 = - = a, =0, apy1 = a € F which is done in [BK].
Here N’ = N, is the sub-DGA of N generated by the cycles p o dec o t(a’) € N't(n)
for all sub-sequences a’ of a. Notice that by definition N’ is a minimal DGA, i.e. it
is connected and d(N”) C N'T - N/,

Lemma 7.1. The graded Hopf algebra HOB(N') is generated as a DGA by the ele-
ments 1(a") for all sub-sequences of a.

Proof. It follows from Theorem 6.3 in [KM] because N/ = N’(1) by our construc-
tion. t
Once and for all choose a path  with interior in A!(C)—S from the tangential base
point ag to the tangential base point a,41. For 1 < ¢ < n we define intermediate cycles
n:(a) inside 02"~ with (real) dimension 2n —i. It is defined as follows. Consider the
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sum of all rooted planar forests with i connected components and n leaves, decorated
by ai,...,a,. Its roots are decorated by variables y(s1),...,7(s;) for 0 < s3 < -+ <
s; < 1. Apply the morphism p o dec to this which will give an oriented (real) cycle
(with boundary) of dimension 2n — i inside D(%”fi. Let I be a small disk around zero
in O¢ with its canonical orientation. We define

7i(a) = (omi(a)) - T'- (O0)" "' + (=1)"mi(a) - (6T)"
where - denotes the usual alternating product and ¢ denotes the topological bound-
ary defined for a cycle f(317 coySn) by (0f)(s1,---8n-1) = —f(0,51,82,...,80—1) +
f(Sl,Sl,Sg,.. , Sp— 1) ~+(—1) f(sl,...,sn_l,sn_l)+(—1)"+1f(31,...,5n_1,1).
Finally denote fy( a)= Z w1 Tk(a). From now on we will use p instead of podecot for
the ease in typing. Let w(*,*) be the subvarieties which support the cycles £(a’)p(a”)
and p(a’) for all subsequences of a’ of a, here a” is the complement of a’ inside a. De-
note by D = D, the corresponding DGA obtained from w(x, x). Hence &,(a) € D%(n).

Proposition 7.2. The differential of &, (a) is given by the formula

> &Glaoi- - ai a4, anga)p(ai 5 a40).
0<i<j<n

As in corollary 4.3 for an admissible decomposition D = Py U---U Py, let &,(D) :=
&(P)p(P2)] - - |p(Pr)] € B(D,N’)-

Corollary 7.3. Define Z,(a) := 1- [[(a)] + >°, & (D) where the sum is over all
admissible decompositions of a. Then d(Z,(a)) = 0. Therefore Z,(a) defines an
element of H°B(D,N").

Proof. Note that d(1 - [I(a)]) = —>_p p(P1)[p(P2)|...|p(Ps)] where the sum is
taken over all admissible decompositions D = P; U--- U Pj of a. On the other hand
for D as above:

k
deat& (D) =(d&, (P))[p(P2)| ... |p(Py)] +Z§w P)p(P2)] ... |dp(P)] ... |p(Py)]
=p(P1)[p(P2)] - Zﬁv Pij)p(P)[p(Py)| ... |p(Pr)]
k
+ & (P)[p(P2)] - |dp(Py)] . |p(Pe)],
1=2
dint&y (D) =&, (P1)p(P)[p(Ps)] .. . [p(Pr)]
k—1
+ va(Pl)[P(PM - |p(P)p(Pig)] - - - |p(Py)].

Since d(p(F;)) = —>_; p(P;j)p(F;) for all divisions of P; into two admissible poly-
gons P;; and Pj;. It will be seen that the third term in the external differential for k
will be canceled by the second term of the internal differential for k£ + 1. The second
term of the external differential for k will be canceled by the first term of the internal
differential for k£ + 1. Finally the first term will be canceled by the differential of
1-[I(a)]. O
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Proof of Proposition 7.2. We need the following two lemmas:

Lemma 7.4. The differential of ni(a) is given by:

577k+1(a)_(_1)k Z nk(amaly-'-7ai7aj+17-~-;an+1)p(ai§-~-§aj+1)~
0<i<j<n

Lemma 7.5. The differential of oni(a) is given by:

(71)’671 Z 577k(a0;...,ai,aﬂ_l,...;an+1)p(ai;...;aj+1).
0<i<j<n

Assuming these lemmas, it follows:
dri(a) =dong(a) - T - T 1 4+ (=1)*oni(a) - 0TF 1 + (=1)*dne(a) - 6T*

=- {577k(a0§--~7aiaaj+1a~--§an+1) T 6T !

0<i<j<n
+ (=) *ne(aos ..., ai, ajs1, -5 Ang1) '5Fk} cplag .. 5 aj41)
+ (=D)*snp(a) - 6T + (= 1)k a1 (a) - OT*

=— Tr(@o; .y Qi Qg1 -3 Ang1) - P(A35 .5 Gj41)
0<i<j<n

+(=D)*dne(a) - 6T + (=1)*dmsa (a) - OT*.

Adding for k =1,...,n we will get:

déy(a) = —om(a) — Z & (aos. ., @i g1, Angr) - p(@is -5 aj41)

0<i<j<n

but since dn1(a) = —p(a) this finishes the proof of proposition 7.2 modulo the two
lemmas. O

Proof of lemma 7.4. To calculate differential of ni(a) we have to calculate
the differential of the sum over all 3-valent forests with & components decorated by
ai,...,a, for the ends and ~(s1),...,7v(sg) for the roots, where s;’s are variables so
that 0 < s1 < -+ < s < 1. To calculate this differential we have to consider the
contraction of the edges. As in the proof of proposition 4.1 the only edges that con-
tribute are external edges. The contraction of the roots after applying the morphism
p: T — N will give all the terms in dng41(a), except the terms corresponding to
s1 =0, ie. v(s1) = ap and sx = 1, i.e. ¥(sg) = ans1- The contraction of the leaves
can be grouped like in the proof of proposition 4.1, and this together with two missing
terms in dng(a) will give

(—1)’“71 Z Ne(@os -y @iy Q1,3 Qny1) - P45 -2 Qj41)-
0<i<ji<n

This finishes the proof of lemma 7.4. ]
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Proof of lemma 7.5. From lemma 7.4 it follows that
démi1(a) =(—1)"d Z Me(a0s - @iy @j41, -3 Ans1) - p(@3 -5 @j41)
0<i<g<n

Z(—l)k Z {677k+1(a0§-~-aaiaaj+17-~-§an+1)'P(ai§~--§aj+1)
0<i<j<n

+ (=) (Wk(ClO; s @y GGy ) - (g aj+1)> }
Here d’ is defined as the differential on p but its defined by:

dne(aos i amg1) = Y Mk(@os. ., i, @541, amgr) - p(ass . aggn).
0<i<j<m

Now it follows from anti-commutativity that:

Z d (nk(ao; ey iy Qg A1) - PG .;aj+1)> =0,

0<i<j<n

so lemma 7.5 is proved. O

Lemma 7.6. Assume ag # a1 and a, # an+1. The image of &,(a) € D°(n) under
the map Ao defined in definition 6.1 is given by the iterated integral:

L[ dt dt
<_:L-) QO---0 .
,Yt—al t—an,

Furthermore \Z.,(a) € HB(NL) (X was defined in theorem 6.2) is:

k
dt dt
/vf—ailo — jIZIO (@ij; 5 @i,,),

where the sum is taken over all indices 0 = 19 < i1 < -+ < i < ig+1 = n+ 1 with
k=0,1,2,....

Proof. For reasons of type, the only term in >.;_; 7x(a) which contributes in
Xo(&,(a)) is 7, (a) which is 7,(a) = (0n,(a)) - T - (7)1 + (—1)"n,(a) - (6T')". The
first part of this sum gives zero integral for reasons of type. Note that n,(a) is
Alt(f(sla al)a ey f(snyan))a where

1_ v(s4) if a; £ 0
f(sivai) — a; 1 a 7é )
~v(s;) if a; = 0.

/ dz dzy, / dt dt
— A N — = O-+--0 .
(@) 21 Zn - t—aq t—a,

Note that this integral is convergent due to the assumption of the lemma. This shows

that
d d dt dt
x”(2m’)_”/ ﬁ/\n-/\@:(_x)"/ o0---0 )
T (a) zZ1 Z9n v t— aq t— (07%

Therefore
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This proves the first part of the lemma. To prove the second part, note that if in the
set of all admissible decompositions one fixes P; = (ag, @s,, - - ., @iy, Gn41) then

k
SoP)l- - 1p(P) = T Tasi-5ai,.).
j=0

D

This together with the first part of the lemma, letting x = 1 finishes the proof. O

Lemma 7.7. Let a = (ag;aq,...;a,41) be a generic sequence in S such that ag # ay
and an, # any1. The pair (Ma, Da) defined above is admissible in the sense of the
definition 6.1.

Proof. Since N’ is finitely generated, property (1) is clear. Property (2) follows
from the definition of D. To prove property (4) we can only consider elements I(a’)
according to the lemma 7.1, and for these elements corollary 7.3 implies (4). Properties
(3) and (5) follow from the same techniques as [BK], using a Stokes formula and
the assumption on the convergence of the iterated integral, namely ay # a; and
Qp 7 Qpy1. O

The MHTS on the pro-unipotent fundamental torsor IT*"(A! —S; ag, a, 1) is given
by

Mar(A! = Siag,an:1) = QUX,Dses  (weight(X,) = —2)

Ip (A = S5a0; ap41) = Im (I (AT = S0, ans1) — C((X,))ses ) -

Here the map ® is defined bvaz(fw dt_ ..o dt )Xsl"'Xsn and the sum

t—s1 t—sn
is taken over n = 0,1,... and s; € S.

The Hodge analogue of the iterated integral fﬁ/ tle 0.0 t_d;n is the framed
MHTS given above for II := IT*"(A' — S;ag,a,41), together with frames 1 € II,
and (Xg, -+ X,,) € Hom(II_3,, Q). Here {(X, - -+ X;,,) }s,es is the dual basis. We
denote this by 1" (ag; a1, - . ., an; ani1)-

Proof of Theorem1.2. First assume that ay # a; and a,, # a,41. By lemma
7.7 (N, D) is admissible, hence we can use the realization map Realy;yrg. Let

(Ja,1(a), €) := Realy; grs(I(a)). We define a map II(n) — J, by

k
Xp, -+ Xp, — (—1)k Z H H(ai_j;ai_j+l7 X aij+1)
j=0

where the sum is taken over all indices 0 = igp < i3 < -+ < i < ix41 = n + 1 such
that a;; = b;. This obviously extends to a graded linear map from I1(n) — J, which
respects the corresponding frames. We need to show that for a path v from ag to

anJrl
k
dt dt
o... a;;...;a,,
ZLt—ail t—a;, jl;[o (07 i)
where the sum is taken over all indices 0 = ip < i3 < -+ < i < {41 = n + 1 with

k=0,1,2,..., belongs to the Betti space of J,. But this element is the image of
Z.(a) under the map A according to the lemma 7.6. This completes the proof of the
equivalence of the two framed MHTS’s.
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We now deal with the divergent iterated integrals. Note that by our construction
I(0;0;1) = 0, therefore I(ag;ag;a1) and I(ag;a1;a1) have correct Hodge realization
corresponding to the tangential base % for the canonical coordinate ¢ of A'. Therefore
using the shuffle relation for

I(ao; ao, - - -, ao; ang1) - L(ao; a1, - .y an; ang1) - 1(@o; Gngt, - - -y Qg Gng1)
——— —_—
P q

where ag # a1 and a,, # a,+1, and induction on p + ¢ it follows that the divergent
iterated integral
I(ao; ag; .-, a0, a1, -+, Qpy A1, - - - s A5 Qpge )
—— —_——
P q

can be written as a linear combination of convergent iterated integrals. Since we
have a same story in the Hodge side, with exact same formulas, it follows that the
Hodge realization of I(a) is the framed MHTS associated to the iterated integral
(_1)nfan+1 at_ ... o _dt ) 0

aop t—aq t—anp
Our results gives the following examples.

Example 7.8. (1) For a,b,c € C in generic position, the tree in the figure 5 gives a
framed mixed Tate motive of the integral f: t%-

b a

C C

FIGURE 5. The element of H°(B(7g)) corresponding to fb _dt

a t—c’

(2) For a,b,c,d € C in generic position, the tree in the figure 6 gives a framed mixed

Tate motive of the integral It f; Ao At

b bd
J I
c d c

— + |
a b
RS H1
cd

b
+ ]
cd c d c d

a ad

=0t
dc
[

a

C
c b

[
[

b dt dt

FIGURE 6. The tree corresponding to [ ;% o ;9.

Example 7.9. (1) For a € C and k € N the framed mixed Tate motive associated
to the polylogarithm Liy(a) =", Z—: is given by the following cycles [BK]: pi(a) +
[ok—1(a)|p1(1=a)]+[pr—2(a)|p1 (L = a)[pr (1 = a)] +-- -+ [p1(a)[p1 (1 —a)[ - - - [p1 (1 - a)]

k(k—1)

where pg(a) is (1) 2z  Alt (21, - ,2p_1,1 — 21,1 —

To Th—1 a
L2 ’1_

x1’ Tp—2’ Tk—1
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(2) For n, m € N and a, b € C with b # 1 and ab # 1 the framed mixed Tate
motive associated to the double polylogarithm Liy ,,,(a,b) = > o o % is given by
the following cycles:

S (T gm0k 20+ (o))

£>0,1>0 n—i-1
-2
+(1)n<n+m1 ) [Alt{1 - ab} ’ pr(n+m—1)=py(n+m—1)]
n— a
m—1 .
2
" ;em(m;fi_’l )i+ Dy =i 1)
n—1 .
it f(m+n—j—2 . .
3 (M T ok Dl 0 1)
j=1
where p, (1, m, k) =
1 n
(—1)””"A1t(1 S R PO (P s BH SRS lee S
T €2 Thk4n+1 L4n+2
Lk4+n+m —
S l= ﬁ, 1 = bTktntmt1s Thtntmt1, Thtntms -« Thtly--- 7331);
1 _
pa(n) = (—1)"*1Alt(1 - —,1- ﬁ, U In 2, l—axp_1,Tn-1,. .. ,xl).
T T2 Tn—1

Because of the condition b # 1 and ab # 1, it does not give a cycle representing the
double zeta value ((n,m) = Y, - However in the following section we will
construct it for n + m: even when F' is a number field.

8. Miscellaneous remarks

In the previous sections for any sequence ag, ay, ..., ay, ay+1 of elements of F, an
element t(ag; ay,...,0n;ant1) € Tl}(n) was constructed. The crucial property was its
differential formula given in Proposition 4.1. From this one can construct an element
T(ag;ay,...,an;ane1) € H'B(Tp). The problem of constructing motivic iterated
integrals is that there is no natural morphism from 7 — N, whereas we have a
morphism: 7p p — N. Therefore one needs to have a lifting of ¢(ag;...;an+1) to
Tr,r that has the same differential formula. When no non-zero term repeats, such
a lifting exists. Namely by given zero labels to all edges except the leaves with zero
vertex label which get 1 as their edge label. We were unable to construct a canonical
lifting for the general case. In this section we want to give some partial results that
we obtained in this direction.

Lemma 8.1. There is a natural lifting of t(ao; a1, a2;as) in Trp.

Proof. A 3-edge trivalent tree with root decorated by a and the leaves decorated
by b and ¢, has the following lifting to 7p p: if (a,b,c) is generic then we label the
edges as before. If b = ¢ then by symmetry it is zero. If @ = b and b # ¢ then we
label the edge with vertex label ¢ by b and the other two edges as usual. Similarly if
a = c and b # ¢, we label the edge with vertex label b by ¢ and the other two edges
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as usual. It is easy to see that it defines an element of 7y  and is compatible with
the differential. Using this we can define the desired lifting of t(ao; a1, az; as). O

Lemma 8.2. Let a = (0;aq,...,a,;1) be a sequence with at most two a; equal to 1
and the rest equal to zero. There is a lifting of t(a) to Tp o1y such that it satisfies
the same differential equation as in proposition 4.1.

Proof. Notice that the terms in the differential are admissible by the assumption
on a. The only type of trees that are not admissible in ¢(a) are those with root labeled
by 1 and the two edges coming off the root edge, one is a leaf with vertex 1 and the
other is an internal edge. To make this admissible we label this internal edge by 1.
This way the differential of the tree would not be changed and therefore the same
differential equation holds for this lifting. O

Example 8.3. With this admissible lifting we can apply the method of corollary 4.3.
We therefore have an element of H’ B(N). It satisfies the same coproduct formula as
for the double zeta framed motive constructed in [G3], therefore its difference with the
true double zeta motive is in Ext'(Q(0),Q(n)), where n is the weight of the framed
object. In case n is even and we are over a number field F' this extension is zero and
we therefore get the true double zeta motive. To do this concisely we define the cycles
p(n,m, k). Here n,m, k are non-negative integers. If n + k > 0, they are given by:

1 T1 Thtn Tht1
p(n7m,k):(71)m+nA1t(1——,1——,,,,,17 1= Tpgngr, 1 = )
T T2 Thk4n+1 Th4n+2
Lh4n+2 Lk4n+m —
1—————, . 1= ————— 1 = Thyntmt1s Thontmilys- - Thils-- L2, T1)
Th+n+3 Lh+n+m+1
and if n =k =0:
1 Ty — I T x
m m—1
p(0,m,0) = (-1) Alt(lf—,17x0,7,17—,...,17 ,
To 1—x To Tm
1—xm,mm,...7x1).

Using this notation the cycle associated to {(n, m) for n +m an even integer is:
—k—-1-2
3 (—1)m—k—1<"+m L >p(l,n+m—l—k—2,k).
k30,130 ==
To give an element of H’ B(N) representing ¢(n,m) for n 4+ m even we have:

¢(n,m) = Z (_1)m—k(n+m—k‘—l—2

n_ 11 )p(l,n+m—l—k—2,k)
k0,120

+[C)Igtm)] + Y (1™

i=1

ol n+m-—i—2
m—1—1

)it 1) i~ 1)
n—1 .
=X (T ) e+ i - )L
j=1
where ((n) is the following cycle:

1 _
()" MAR(I— — 12 1= e, 1)
1 T2 Tn—1
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