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ABSTRACT

In this paper, we introduce cell-forms on My ,, which are top-dimensional differential
forms diverging along the boundary of exactly one cell (connected component) of the
real moduli space My, (R). We show that the cell-forms generate the top-dimensional
cohomology group of My ,,, so that there is a natural duality between cells and cell-forms.
In the heart of the paper, we determine an explicit basis for the subspace of differential
forms which converge along a given cell X. The elements of this basis are called insertion
forms, their integrals over X are real numbers, called cell-zeta values, which generate a
Q-algebra called the cell-zeta algebra. By a result of F. Brown, the cell-zeta algebra is
equal to the algebra of multizeta values. The cell-zeta values satisfy a family of simple
quadratic relations coming from the geometry of moduli spaces, which leads to a natural
definition of a formal version of the cell-zeta algebra, conjecturally isomorphic to the
formal multizeta algebra defined by the much-studied double shuffle relations.

1. Introduction

Let ny,...,n, € N and suppose that n, > 2. The multiple zeta values (MZV’s)
1

kP

((na,ome) = Y - €R, (1.1)

O<kr<..<kq L
were first defined by Euler, and have recently acquired much importance in their relation to mixed
Tate motives. It is conjectured that the periods of all mixed Tate motives over Z are expressible
in terms of such numbers. By an observation due to Kontsevich, every multiple zeta value can be
written as an iterated integral:

/ dty .. dt,
ot <..<to<t (€1 —=t1) ... (g0 —to) '

where ¢; € {0,1}, and e = 1 and g, = 0 to ensure convergence, and ¢ = nj + - - - + n,. The iterated
integral (1.2) can be considered as a period on My, (with n = £+ 3), or a period of the motivic
fundamental group of My 4 = P'\{0, 1,00}, whose de Rham cohomology H'(9M4) is spanned by
the forms 9 and 2 [6], [8]. One proves that the multiple zeta values satisfy two sets of quadratic
relations [5], [14], known as the regularised double shuffle relations, and it has been conjectured
that these generate all algebraic relations between MZV’s [4], [23]. This is the traditional point of
view on multiple zeta values.

(1.2)

On the other hand, by a general construction due to Beilinson, one can view the iterated integral
(1.2) as a period integral in the ordinary sense, but this time of the /-dimensional affine scheme

Qﬁo,n >~ (W0,4)€\{diagonals} = {(tl, e ,tg) 1t 75 O, 1 ,tl' 75 tj} s

where n = £ + 3. This is the moduli space of curves of genus 0 with n ordered marked points.
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Indeed, the open domain of integration X = {0 < ¢; < ... < ty < 1} is one of the connected
components of the set of real points My ,(R), and the integrand of (1.2) is a regular algebraic form
in H Z(E)ﬁom) which converges on X. Thus, the study of multiple zeta values leads naturally to the
study of all periods on 9 ,,, which was initiated by Goncharov and Manin [3], [13]. These periods
can be written

/ w, where w € H*(9Mp,) has no poles along X . (1.3)
X

The general philosophy of motives and their periods [16] indicates that one should study relations
between all such integrals. This leads to the following problems:

i) Construct a good basis of all logarithmic ¢-forms w in H*(9My,,,) whose integral over the cell
X converges.

ii) Find all relations between the integrals [ y w which arise from natural geometric considerations
on the moduli spaces My j,.

In this paper, we give an explicit solution to (1), and a family of relations which conjecturally
answers (2). Firstly, we give an explicit description of a basis of the subspace of H'(9 ) of forms
convergent on the standard cell, in terms of the combinatorics of polygons. (Note that the idea
of connecting differential forms with combinatorial structures has previously been explored from
different aspects, in [10] and [22] for example.) The corresponding integrals are more general than
(1.2), although Brown’s theorem [3] proves that they do occur as Q-linear combinations of multiple
zeta values of the form (1.2).

For (2), we explore a new family of quadratic relations, which we call product map relations,
because they arise from products of forgetful maps between moduli spaces. To this family we add
two other simpler families; one arising from the dihedral subgroup of automorphisms of 9 ,, which
stabilise X, and the other from a basic identity in the combinatorics of polygons. These families
are sufficiently intrinsic and general to motivate the following conjecture, which we have verified
computationally up through n = 9.

Conjecture. The three families of relations between integrals (given explicitly in definition 2.28)
generate the complete set of relations between periods of the moduli spaces My p, .
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1.1 Main results

We give a brief presentation of the main objects introduced in this paper, and the results obtained
using them.

Recall that Deligne-Mumford constructed a stable compactification ﬁo,n of Mo, such that
Mo.n \IMo ., is a smooth normal crossing divisor whose irreducible components correspond bijectively
to partitions of the set of n marked points into two subsets of cardinal > 2 [7], [15]. The real part
Mo n(R) of My, is not connected, but has n!/2n connected components (open cells) corresponding
to the different cyclic orders of the real points 0,1, ..., %, 1,00 € P(R), up to dihedral permutation
[9]. Thus, we can identify cells with n-sided polygons with edges labeled by {0, ¢1,...,ts, 1,00}. In the
compactification ﬁo,n(R), the closed cells have the structure of associahedra or Stasheff polytopes;
the boundary of a given cell is a union of irreducible divisors corresponding to partitions given by
the chords (cf. definition 3.3) in the associated polygon. The standard cell is the cell corresponding
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to the standard order we denote J, given by 0 < t; < ... < t; < 1. We write 93?8’” for the space

Mo.n \ {all boundary divisors of My ,, except those bounding the standard cell}.

This is a smooth affine scheme introduced in [3].

1.1.1 Polygons. Since a cell of My, (R) is given by an ordering of {0,%1,...,ts, 1,00} up to
dihedral permutation, we can identify it as above with an unoriented n-sided polygon with edges
indexed by the set {0,%1,...,ts,1,00}.

1.1.2 Cell-forms. A cell-form is a holomorphic differential ¢-form on 9y, with logarithmic
singularities along the boundary components of the stable compactification, having the property
that its singular locus forms the boundary of a single cell in the real moduli space M ,,(R).

Up to sign, the cell-form diverging on a given cell is obtained by taking the successive differences
of the edges of the polygon representing that cell (ignoring oo) as factors in the denominator. For
example the cell corresponding to the cyclic order (0,1,%1,t3,00,t2) is represented by the polygon
on the left of the following figure, and the cell-form diverging along it is given on the right:

0

dtydtodts
(t1 — 1)(t3 — t1)(~t2)

— +

Let P denote the Q-vector space generated by oriented n-gons indexed by {0,1,¢1, ..., tp, 1, 00}.
The orientation fixes the sign of the corresponding cell form, and this gives a map

p:P — H (Mo, (1.4)

In proposition 4.1 of section 4.1 we prove that this map is surjective and identify its kernel. Chapter
3 is entirely devoted to a purely combinatorial reformulation, in terms of polygons which simulta-
neously represent both cells and cell-forms on moduli space, of the familiar notions of convergence,
divergence and residues of differential forms along divisors.

1.1.3 Cell-form cohomology basis. We show that cell-forms provide a good framework for study-
ing the logarithmic differential forms on My ,,, starting with the following result (theorem 2.12),

whose proof is based on Arnol’d’s well-known construction of a different basis for the cohomology
group H* (Mo ).

Theorem. The set of 01 cell-forms (those corresponding to polygons in which 0 appears next to 1
in the indexing of the edges) forms a basis for the cohomology group He(i)ﬁo,n) of top-dimensional
differential forms on the moduli space.

In particular, this shows that the cohomology group H* (My,y,) is canonically isomorphic to the
subspace of P of polygons having 0 adjacent to 1, providing a new approach.

1.1.4 Insertion forms. Insertion forms (definition 4.8) are particular linear combinations of 01
cell-forms having the property given in the following theorem (theorem 4.9), one of the main results
of this paper.
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Theorem. The insertion forms form a basis for the space of top-dimensional logarithmic differential
forms which converge on the closure of the standard cell of My, (R).

In other words, insertion forms give a basis for the cohomology group H 5(93187”) of (classes of)
forms having no poles along the boundary of the standard cell of 9 ,(R), so that the integral (1.3)
converges, yielding a period.

The insertion forms are defined in definition 4.8, but the definition is based on the essential
construction of Lyndon insertion words given in definition 3.16 and studied throughout section 3.3.
The proof of this theorem uses all the polygon machinery developed in chapter 3.

1.1.5 Cell-zeta values. These are real numbers obtained by integrating insertion forms over the
standard cell as in (1.3). They are a generalization of multiple zeta values to a larger set of periods
on My, such as

/ dtydtadts
0<ti<ta<ts<1 (1 —t1)(ts —t1)t2’
Note that unlike the multiple zeta values, this is not an iterated integral as in (1.2).

1.1.6 Product map relations between cell-zeta values. Via the pullback, the maps f : Mgy, —
Mo, X Mp,s obtained by forgetting disjoint complementary subsets of the marked points ¢1,...,%,
yield expressions for products of cell-zeta values on Mg - and My s as linear combinations of cell-zeta

values on My j,:
/ wl/ wo = / fH (w1 Awa). (1.5)
X1 X fH(X1xX2)

There is a simple combinatorial algorithm to compute the multiplication law in terms of cell-forms.
This is a geometric analog of the familiar quadratic relations for multiple zeta values, and is explained
in section 2.3.4.

1.1.7 Dihedral relations between cell-zeta values These relations between cell-zeta values are

given by
Jo=[ e (1.6)

where o is an automorphism of 9%, ,, which maps the standard cell to itself: o(X) = X, and thus o
is a dihedral permutation of the marked points {0, 1,¢1,...,ts, 00}.

1.1.8 The cell-zeta value algebra C. The multiplication laws associated to product maps (1.5)
make the space of all cell-zeta values on My ,, n > 5, into a Q-algebra which we denote by C. By
Brown’s theorem [3], which states essentially that all periods on Mg, are linear combinations of
multiple zeta values, together with Kontsevitch’s expression (1.2) of multiple zeta values, we obtain
the following result (theorem 2.25).

Theorem. The cell-zeta value algebra C is equal to the algebra of multiple zeta values Z.

1.1.9 The formal cell-zeta value algebra FC. By lifting the previous constructions to the level
of polygons along the map (1.4), we define in section 2.4 an algebra of formal cell-zeta values which
we denote by FC. It is generated by the Lyndon insertion words (see definition 3.16), which are
formal sums of polygons corresponding to the insertion forms introduced above, subject to combi-
natorial versions of the product map relations (1.5) and the dihedral relations (1.6). We consider
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this analogous to the formal multizeta algebra FZ, generated by formal symbols representing con-
vergent multiple zeta values, subject only to the convergent double shuffle and Hoffmann relations
([14]). The computer calculations in low weight described in chapter 4 motivated us to make the
following conjecture, which essentially says that the product map and dihedral relations (plus an-
other simple family coming from combinatorial identities on polygons, see definition 2.28 for the
complete definition of the three families of relations) generate all relations between periods of the
moduli space.

Conjecture. The formal cell-zeta algebra FC' is isomorphic to the formal multizeta algebra FZ.

The paper is organized as follows. In §2, we introduce cell forms and polygons and define the
three familes of relations. In §3, we define Lyndon insertion words of polygons, which may be of
independent combinatorial interest. These are used to construct the insertion basis of convergent
forms in §4. In §4.4, we give complete computations of this basis and the corresponding product
map relations for My ,,, where n = 5,6, 7.

In the remainder of this introduction we sketch the connections between the formal cell-zeta
value algebra and standard results and conjectures in the theory of multiple zeta values and mixed
Tate motives.

1.2 Relation to mixed Tate motives and conjectures

Let M7 (Z) denote the category of mixed Tate motives which are unramified over Z [8]. Let ¢
denote the standard cyclic structure on S = {1,...,n}, and let Bs denote the divisor which bounds
the standard cell X. Let As denote the set of all remaining divisors on My 5\My g, so that 93”(37 g =

Mo.s \ As ([3]). We write:
M5 = He(ﬁgm\Ag, Bg\(Bg N A(g)) . (1.7)
By a result due to Goncharov and Manin [13], M; defines an element in M7 (Z), and therefore

is equipped with an increasing weight filtration W. They show that grgVMg is isomorphic to the
de Rham cohomology H ‘f(zmgvn), and that gr{’ Ms is isomorphic to the dual of the relative Betti

homology Hy(Mo.n, Bs)-

Let M be any element in M7 (Z). A framing for M consists of an integer n and non-zero maps
v € Hom(Q(—n),gryy M) and  f € Hom(gry M, Q(0)) . (1.8)

Two framed motives (M, v, f) and (M’,v', f’) are said to be equivalent if there is a morphism
¢ : M — M’ such that ¢ ov = v/ and f’' o ¢ = f. This generates an equivalence relation whose
equivalence classes are denoted [M, v, f]. Let M(Z) denote the set of equivalence classes of framed
mixed Tate motives which are unramified over Z, as defined in [11]. It is a commutative, graded
Hopf algebra over Q.

To every convergent cohomology class w € H Z(W(gm), we associate the following ¢-framed mixed
Tate motive:

m(w) = [Ms,w, [X]] (1.9)

where [X] denotes the relative homology class of the standard cell. This defines a map FC' — M(Z).
The maximal period of m(w) is exactly the cell-zeta value

o

ProrosiTiON 1.1. The dihedral symmetry relation and product map relations are motivic. In other

5



Francis BROWN, SARAH CARR AND LEILA SCHNEPS

words,
m(o*(w)) =m(w) ,
m(wy - wz) = m(wi) @ m(ws) ,

for every dihedral symmetry o of X, and for every modular shuffle product wi - we of convergent
forms w1, wz on My ., My, s respectively.

The motivic nature of our constructions will be clear from the definitions. We therefore obtain
a well-defined map m from the algebra of formal cell-zeta numbers FC' to M(Z). On My 5, there is
a unique element (2 € FC whose period is ((2), which maps to 0 in M(Z).

CONJECTURE 1.2. FC is a free Q[(2]-module, and the induced map
m : FC/FC — M(Z)
is an isomorphism.

Since the structure of M(Z) is known, we are led to more precise conjectures on the structure

of the formal cell-zeta algebra. To motivate this, let £ = Qes, es,...,] denote the free Lie algebra
generated by one element es, 11 in each odd degree. Set
§=Qlez] ® L.

The underlying graded vector space is generated by, in increasing weight:
e2; €3 €55 er; [es,es] s eo s [es er] 5 [es, [es,es]], enn s [es, e0], [es,e7] 5 ... .

Let UF denote the universal enveloping algebra of the Lie algebra §. Then, setting M (Z) = M(Z)®q
Q[¢2], it is known that M(Z) is dual to UF. From the explicit description of § given above, one can
deduce that the graded dimensions dj, = dimg grkW./\/l (Z) satisfy Zagier’s recurrence relation

dp = dg—2 + dp—3 , (1.10)
with the initial conditions dy =1, d; =0, do = 1.

CONJECTURE 1.3. The dimension of the Q-vector space of formal cell-zeta values on M ,,, modulo
all linear relations obtained from the dihedral and modular shuffle relations, is equal to dy, where
n=~+3.

We verified this conjecture for My, for n < 9 by direct calculation (see §4.4). When n = 9,
the dimension of the convergent cohomology H 6(93?879) is 1089, and after taking into account all
linear relations coming from dihedral and modular shuffle products, this reduces to a vector space
of dimension dg = 2.

To compare this picture with the classical picture of multiple zeta values, let FZ denote the
formal multizeta algebra. This is the quotient of the free (Q-algebra generated by formal symbols
(1.2) modulo the regularised double shuffle relations. It has been conjectured that FZ is isomorphic
to M (Z), and proved (cf. [21]) that the dimensions dy are actually upper bounds for the dimensions
of the weight ¢ parts of FZ. This leads us to the second main conjecture.

CONJECTURE 1.4. The formal algebras FC' and FZ are isomorphic.

Put more prosaically, this states that the formal ring of periods of 9y, modulo dihedral and
modular shuflle relations, is isomorphic to the formal ring of periods of the motivic fundamental
group of My 4 modulo the regularised double shuffle relations.

By (1.2), we have a natural linear map FZ — FC. However, at present we cannot show that it
is an algebra homomorphism. Indeed, although it is easy to deduce the regularised shuffle relation

6
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for the image of Z in FC from the dihedral and modular shuffle relations, we are unable to deduce
the regularised stuffle relations. For further detail on this question, see remark 2.29 below.

Remark 1.5. The motivic nature of the regularised double shuffle relations proved to be somewhat
difficult to establish [11], [12], [21]. It is interesting that the motivic nature of the dihedral and
modular shuffle relations we define here is immediate.

2. The cell-zeta value algebra associated to moduli spaces of curves

Let Mo,n, n > 4 denote the moduli space of genus zero curves (Riemann spheres) with n or-
dered marked points (z1, ..., z,). This space is described by the set of n-tuples of distinct points

(21, ..., 2n) modulo the equivalence relation given by the action of PSLy. Because this action is triply
transitive, there is a unique representative of each equivalence class such that z; = 0, z,_1 = 1,
zn, = 00. We define simplicial coordinates t1,...,t, on My ,, by setting

t1 = 29 y to = 23 s cev gy ty = Zn—2, (2.1)

where ¢ = n — 3 is the dimension of M ,,(C). This gives the familiar identification

Mon = {(t1,...,t0) € (P' —{0,1,00})" | t; #t; for all i # 5} . (2.2)

2.1 Cell forms

DEFINITION 2.1. Let S ={1,...,n}. A cyclic structure vy on S is a cyclic ordering of the elements of
S or equivalently, an identification of the elements of S with the edges of an oriented n-gon modulo
rotations. A dihedral structure 6 on S is an identification with the edges of an unoriented n-gon
modulo dihedral symmetries.

We can write a cyclic structure as an ordered n-tuple v = (y(1),7(2), ...,7(n)) considered up to
cyclic rotations.

DEFINITION 2.2. Let (21,...,2,) = (0,t1,...,ts,1,00) be a representative of a point on My, as
above. Let v be a cyclic structure on S, and let o be the unique ordering of zy,..., 2, compatible
with + such that o(n) = n. The cell-form corresponding to ~ is defined to be the differential ¢-form

dty---dty

(20(2) = 201)) (Zo(3) = %02)) ** (Zo(n—1) = Zo(n—2))

Wy = [20(1)7 Zg(2) ZO‘(TL)] = (23)
In other words, by writing the terms of wy, = [25(1), .-, 24(n)] clockwise around a polygon, the
denominator of a cell form is just the product of successive differences (z,(;) — 2z5(i—1)) With the two
factors containing oo simply left out.

Remark 2.3. To every dihedral structure there correspond two opposite cyclic structures. If these
are given by ~ and 7, then we have

wy = (=1)"w;. (2.4)

EXAMPLE 2.4. Let n = 7, and S = {1,...,7}. Consider the cyclic structure v on S given by the
order 1635724. The unique ordering o of S compatible with v and having o(n) = n, is the ordering
2416357, which can be depicted by writing the elements z5(1),. .., Zo(7), or 0, 1, 2, t4, 00, t1, 3
clockwise around a circle:

Y= (Za(l)a sy 20(7)) - (tla t37 07 17 t27 t47 OO)

7
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The corresponding cell-form on My 7 is
dt1dtadtsdty
(ts — t1)(—t3)(t2 — 1)(ta — t2)
The symmetric group &(.5) acts on My ,, by permutation of the marked points. It therefore acts

both on the set of cyclic structures 7, and also on the ring of differential forms on My ,. These
actions coincide for cell forms.

Wy = [t17t3707 1,t2,t4,00] =

For any cyclic structure v on S, let D, C &(S) denote the group of automorphisms of the
dihedral structure which underlies 7, which is a dihedral group of order 2n.

LEMMA 2.5. For every cyclic structure v on S, we have the formula:

0" (Wy) = Wo(y) for all o € &(95) . (2.5)
Proof. Consider the logarithmic n-form on (P')?J defined by the formula:
&, = dzi N ... Ndzy, . (2.6)

(231) = 232) - - (23m) = 23(0))
It clearly satisfies 0™ (Wy) = Wy(y) for all o € D,. A simple calculation shows that @, is invariant
under the action of PSLy by Mébius transformations. Let 7 : (P!)¥ — 9 g denote the projection
map with fibres isomorphic to PSLs. There is a unique (up to scalar multiple in Q*) non-zero
invariant logarithmic 3-form v on PSLg(C) which is defined over Q. Then, by renormalising v if

necessary, we have wy A v = w, . In fact, wy is the unique ¢-form on My g satisfying this equation.

We deduce that 0*(wy) = wy(,) for all o € D,,. O

Each dihedral structure n on S corresponds to a unique connected component of the real locus
Mo »(R), namely the component associated to the set of Riemann spheres with real marked points
(21,-..,2n) whose real ordering is given by 7. We denote this component by Xg, or X,, . It is an
algebraic manifold with corners with the combinatorial structure of a Stasheff polytope, so we often
refer to it as a cell. A cyclic structure compatible with 7 corresponds to a choice of orientation of
this cell.

DEFINITION 2.6. Let ¢ once and for all denote the cyclic order corresponding to the ordering
(1,2,...,n). We call Xg5 = X,, 5 the standard cell. It is the set of points on My, given by real
marked points (0,¢1,...,ts,1,00) in that cyclic order; in simplicial coordinates it is given by the
standard real simplex 0 <1 < ... <ty < 1.

The distinguishing feature of cell-forms, from which they derive their name, is given in the
following proposition.

PROPOSITION 2.7. Let n be a dihedral structure on S, and let ~v be either of the two cyclic sub-
structures of . Then the cell form w, has simple poles along the boundary of the cell X, and no
poles anywhere else.

Proof. Let D C My s\Mo.s be a divisor given by a partition S = S [[ S2 such that |S;| > 1 for
i =1,2. In [3], the following notation was introduced:

Ip(i, ) =1({i,j} € S1) +1({i,j} C S2) ,

where [(A C B) is the indicator function which takes the value 1 if A is contained in B and 0
otherwise. Therefore Ip(i,j) € {0,1}. Then we have

2ordp(wy) = (£ = 1) = Ip(y(1),7(2)) = Ip(v(2),7(3)) — ... = Ip(y(n),¥(1)) . (2.7)
8
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To prove this, observe that w, = f,wp, where

_ (2 — zit2)
f’)’ - (Z N ) )
iczmz @) T B itD)

and
dty...dty

oty —t1)(ta —t2) ... (te — te_2)(1 — ty)
is the canonical volume form with no zeros or poles along the standard cell defined in [3]. The proof
of (2.7) follows on applying proposition 7.5 from [3].

wo

Now, (2.7) shows that w, has the worst singularities when the most possible Ip(y(7),v(i + 1))
are equal to 1. This happens when only two of them are equal to zero, namely

S ={v(1),%2),...,v(k)} and Sy={~yk+1),v(k+2),...,7(n)}, 2<k<n—2.

In this case, (2.7) yields 2ordpwy = (£ — 1) — (n — 2) = =2, so ordpw, = —1. In all other cases
we must therefore have ordpw, > 0. Thus the singular locus of w, is precisely given by the set of
divisors bounding the cell Xg . O

2.2 01 cell-forms and a basis of the cohomology of My,

We first derive some useful identities between certain rational functions. Let S = {1,...,n} and let
v1,...,v, denote coordinates on A". For every cyclic structure v on .S, let () = (vy(1);- -+, Vy(n))
denote the rational function

1

(Uy(2) = Vy(1)) (V) = Va(n—1)) (Vy(1) = Vy(m))

We refer to such a function as a cell-function. We can extend its definition linearly to Q-linear
combinations of cyclic structures. Let X = {x1,...,z,} denote any alphabet on n symbols. Recall
that the shuffle product [18] is defined on linear combinations of words on X by the inductive
formula

€ Z[vi, Ui%} . (2.8)

wme =emw and awmad'w = a(wmadw')+ d (awmw’) (2.9)

where w,w’ are any words in X and e denotes the empty or trivial word.

DEFINITION 2.8. Let A, B C S such that ANB = C = {c1,...,¢.} with r > 1. Let y4 be a
cyclic order on A such that the elements cy, ..., ¢, appear in their standard cyclic order, and let
vB be a cyclic order on B with the same property. We write y4 = (c1,A1,2,¢2,423,...,¢, A1)
and v = (c1, B12,¢2,B23, ..., ¢, By1), where the A; ;11, (resp. the B; ;1) together with C, form
a partition of A (resp. B). We denote the shuffle product of the two cell-functions (y4) and (yp)
with respect to cq,..., ¢ by

<’YA> Mey,..ner <VB>
which is defined to be the sum of cell functions

(c1,A12m By 2,¢2,A23m B3, ..., ¢, Ap1m By 1) . (2.10)

The shuffle product of two cell-functions is related to their actual product by the following
lemma.

PROPOSITION 2.9. Let A, B C S, such that |[AN B| > 2. Let v, v be cyclic structures on A, B
such that the cyclic structures on AN B induced by v4 and g coincide. If yanp denotes the induced

9
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cyclic structure on AN B, we have:

{(va) - (vB)

T = () () (211)

Proof. Write the cell functions (y4) and (yg) as (a;,P1,ai,, Ps,...,a;,P) and
(aiy, R1, iy, Ra, ..., a;., R.), where P;, R; for 1 < i < r are tuples of elements in S. Let Ay, = (b—a).
We will first prove the result for r = 2 and P», Ry = 0:

AopApala, p1y. .- Dry, ) (a1, o Ty b) = (@, (D1, -+ -y PRy ) I (71, - -+, TRy ), D). (2.12)
We prove this case by induction on ki + ko. Trivially, for k1 4+ ko = 0 we have
AusAuala, bY{a, b) = (a,b).
Now assume the induction hypothesis that

AopDpa(a,p2,. .., Py, 0)(a, 1, ..., Ty, b) = (a, ((pg,...,pkl)m(rl,...,rk2)),b> and
AapDpa(a,p1,- .., Py, 0)(a, T2, ..., Ty, b) = (a, ((pl,...,pkl)m(rg,...,rk2)),b>.

To lighten the notation, let po,...,py, = p and ro,...,ry, = r. By the shuffle recurrence formula
(2.9) and the induction hypothesis:

(a, ((PI,Q) Hl(ﬁai)),@ = (a, p1, ((B)Hl(ﬁ,i))aw + (a,71, ((PI,B) HI(E)):@
_ Aplb<p17 ((E)Ul(?“l,£>),b> + AT15<T17 ((Pla@mﬁ))ab>

AabAam AabAarl
Ap b App, Apv(p1, p, b)(p1,71,7,b) N Ar v Ay Ar (1, p1, P, b) (11,1, )
AabAap;l AaLbAarl

Using identities such as (p1,p,b) = %(a,pl,g, by, this is

P1

[Aglebm Aa;nAba AbaAam + Aglebrl AaplAba AbaAarl

a, p1, ab a,r 7f7b
AULbAchl Abpl AbplAplrl AabAa,m ArlplAbrl Abrl ]< P B >< ! >

Aarl Abpl + Abrl Aapl

= Aa,b
|: Apl T1 A"'lpl

<a’ap17£7 b> <a’7 m,r, b> — AabAba<a7p17B7 b> <(Z, ™,r, b>

The last equality is the Pliicker relation Ay Ay, — Apry Agp, = Apyr Apg. This proves the identity
(2.12). Now, using the identity

<(I7;1P1ai2P2 . aiTP,n> = Aaz‘zail (ail Plai2> X Aai3ai2 (aingai3> X oo X Aairail <CLZ'TP,»(I7;1>,

the general case follows from (2.12). O

COROLLARY 2.10. Let X and Y be disjoint sequences of indeterminates and let e be an indetermi-
nate not appearing in either X or Y. We have the following identity on cell functions:

(X, e)me(Y,e)) = (XmY,e) = 0. (2.13)

Proof. Write X = x1,x9,....,2, and Y = y1,92, ..., Ym. By the recurrence formula for the shuffle

10
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product and proposition 2.9, we have

(XmY,e) = (x1, (T2, s Tn Y1, ey Ym)s €) + (Y1, (1, ooy Ty Y2, vy Y ), €)
= (X, e)(z1,Y,e)(e —21)(z1 —€) + (y1, X, e)(Y,e)(y1 — e) (e — y1)
(e —x1)(x1 —e)
(2 — 1) (e—zn) (21 —€) (1 —21)(y2 —y1) -+ (e — ym) (21 —€)
(y1 —e)(e — 1)
(@1 —y)(@2 —z1) - (e—zn)(y1 —€) (Y2 —y1) -~ (e — ym)(y1 — €)
(=1 + (=1)?

=@ m) (e —mm) ) —) (e —m)

+

O]

By specialization, we can formally extend the definition of a cell function to the case where some
of the terms v; are constant, or one of the v; is infinite, by setting

. 2
(V1,0 Vjm1, 00, Vig 1y« - vy Up) = M (U1, ..., Vi1, Ty Vi1, -« -, Up)
r—00

1
- (2)2 — ’01) e ('Ui—l — 'l)i_Q)(UZ‘+2 — Ui+1) e (’Un — ’Un_l)(’l)l — Un) '
This is the rational function obtained by omitting all terms containing co. By taking the appropriate

limit, it is clear that (2.11) and (2.13) are valid in this case too. In the case where {v1,...,v,} =
{0,1,t1,...,tp, 00} we have the formula
[vl,...,vn} :<1)1,...,’Un>dt1dt2...dtg . (2.14)

DEFINITION 2.11. A 01 cyclic (resp. dihedral) structure is a cyclic (resp. dihedral) structure on S
in which the numbers 1 and n — 1 are consecutive. Since z; = 0 and 2,1 = 1, a 01 cyclic (or
dihedral) structure is a set of orderings of the set {z1,...,2,} = {0,¢1,...,ts, 1,00}, in which the
elements 0 and 1 are consecutive. In these terms, each dihedral structure can be written as an
ordering (0,1, 7) where 7 is some ordering of {¢1,...,ts,00}. To each such ordering we associate a
cell-function (0, 1, 7), which is called a 01 cell-function.

Since 01 cell-functions corresponding to different 7 are clearly different, it follows that there
exist exactly (n — 2)! distinct 01 cell-functions (0,1, 7). To these correspond (n — 2)! distinct 01
cell-forms w(g 1 ) = (0,1, 7) dt1 ... dt,.

THEOREM 2.12. The set of 01 cell-forms w(q 1 ), Where 7 denotes any ordering of {t1,...,ts, 00},
has cardinal (n — 2)! and forms a basis of H*(Mon, Q).

Proof. The proof is based on the following well-known result due to Arnol’d [1].
THEOREM 2.13. A basis of HE(S)JTO,,@, Q) is given by the classes of the forms

dty...dt
Q(e) = 1 14 7
(tl—e’;‘l)...(tg—e’ig)
where Ey = {0,1} and E; = {0,1,t1,...,t;—1} for 2 <i < L.

e € E; (2.15)

It suffices to prove that each element Q(g) in (2.15) can be written as a linear combination
of 01 cell-forms. We begin by expressing a given rational function m as a product of
cell-functions and then apply proposition 2.9. To every t;, we associate its type 7(t;) € {0,1} (which

11
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depends on €1,...,¢¢) as follows. If &; = 0 then 7(¢;) = 0; if &; = 1, then 7(¢;) = 1, but if ¢; # 0,1
then g; = t; for some j < i, and the type of ¢; is defined to be equal to the type of ¢;. Since the
indices decrease, the type is well-defined.

We associate a cell-function F; to each factor (¢; — &;) in the denominator of 2(g) as follows:

<O,1,tz~,oo> if g, — 1
—<0,1,oo,ti) if &; =0
(0,1,e4,t;,00) if g; # 1 and the type 7(¢;) =

F; = 1
—(0,1,00,t;,&;) if &; # 0 and the type 7(t;) =0 .

(2.16)

We have

where
A= J] D)™ e —7(ey)
Jjle;#0,1
is exactly the factor occurring when multiplying cell-functions as in proposition 2.9. This product
can be expressed as a shuffle product, which is a sum of cell-functions. Furthermore each one

corresponds to a cell beginning 0,1, ... since this is the case for all of the F;. The 01-cell forms thus
span H'(Mo, Q). Since there are exactly (n — 2)! of them, and since dim H*(Mon, Q) = (n — 2)!,
they must form a basis. O

2.3 Pairs of polygons and multiplication

DEFINITION 2.14. Let S = {1,...,n}, and let Pg denote the Q-vector space generated by the set
of cyclic structures v on .S, i.e. by planar polygons with n sides indexed by S. Let Pg denote the
Q-vector space generated by the set of cyclic structures v on S, modulo the relation v = (—1)"%,
where % denotes the cyclic structure with the opposite orientation to 4. Throughout this chapter
we will study Pg, but the full vector space Pg will be studied in chapter 3.

2.3.1 Shuffles of polygons Let T1,T5 denote two subsets of Z = {z1, ..., z,} satisfying:
ThWuly=2 (217)
|T1 N T2| =3.
Let E = {z,, zi,, ziy ; denote the set of three points common to T} and T5.
DEFINITION 2.15. Consider elements ; and 72 in Pg coming from a choice of cyclic structure on
Ty and T5 respectively. For every such pair, define the shuffle relative to the set E of three points of
intersection, 1 mpgy2 by taking the unique liftings of v; and 5 to elements 4; and 72 of Pg such

that the cyclic order on E obtained by restricting the cyclic order 4; on T} (resp. 42 on T5) is equal
to the standard cyclic order on F, and setting

nmEe= Y, (2.18)
YEPs
Yl =917 1y =72
where v denotes the image in Pg of 5 € Pg.
We can write the shuffle with respect to three points using the following simple formula (compare

with (2.10)). If {2:1, e, Zn} = {0, 1,00,t1,... ,tg} with F = {0, 1, OO}, we write y; = (0, ALQ, 1, Az 3,00, A371)
12
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where T7 is the disjoint union of A; 2, A2 3, A31 and 0, 1, 00, and v2 = (0, B12, 1, Ba 3,00, B3 1), where
T5 is the disjoint union of By 2, B2 3, B3 1 and 0,1, 00. Then ~; mg7y2 is the sum of polygons in Pg
given by

7= (0,A12m By2,1, Ay 3m By 3,00, A3 1 m B3 1) .

EXAMPLE 2.16. Let 71 = {0,1,00,%1,t3} and Ty = {0,1,00,t2}. Let 41 and 7 denote the el-
ements of Pg given by cyclic orders (0,1, 1,t3,00) and (0, 00,t2,1). Then we take the liftings
A1 = (0,t1,1,t3,00), 2 = (—1)*(0,1,2,00), and we find that

Y1my2 = (Oatla 1,t2,t3,00) + (07t17 1,t3,t2,00) S ,ﬁS-

We will often write, for example, (0,¢1,1,ta mt3,00,t4) for the right-hand side.

2.3.2 Multiplying pairs of polygons: the modular shuffle relation In this section, we consider
elements of Pg ® Pg. We use the notation (v,m) for v ® n where v,n € Pg. When ~ and 7 are
polygons (as opposed to linear combinations), we can associate a geometric meaning to a pair of
polygons as follows. The left-hand polygon ~, which we will write using round parentheses, for
example (0,t1,...,t,1,00), is associated to the real cell X, of the moduli space My, associated
to the cyclic structure. The right-hand polygon 7, which we will write using square parentheses,
for example [0,t1,...,%,1,00], is associated to the cell-form w, associated to the cyclic structure.
The pair of polygons will be associated to the (possibly divergent) integral [ X, Wn- This geometric
interpretation extends in the obvious way to all pairs of elements (,7). In the following section we
will investigate in detail the map from pairs of polygons to integrals.

DEFINITION 2.17. Given sets T1,T» as in (2.17), the modular shuffle product on the vector space
Ps ® Pg is defined by

(v m) m (y2,m2) = (1 my2, 71 me), (2.19)
for pairs of polygons (y1,m1) m (72, 72), where ; and n; are cyclic structures on 7; for i = 1,2.

ExaMPLE 2.18. The following product of two polygon pairs is given by

((Oath 1) OO,t4), [07 OO,t17t4, 1]) ((07t27 17t37 00)7 [07t3)t27 o0, 1])
= _((O7t1 H_ItQ, 17t37 OO,t4), [07t37t27 Oo7t17t47 1])

Let us now explain the geometric meaning of the modular shuffle product (2.19), in terms of
integrals of forms on moduli space. Recall that a product map between moduli spaces was defined

in[3] as follows. Let 17, T» denote two subsets of Z = {z1,...,2,} as in (2.17), Then we can consider
the product of forgetful maps:
f = le X fT2 : m()m — m07T1 X f)ﬁ(LT2 . (220)

The map f is a birational embedding because
diHlf):n(]’Sv = |S| -3 = ’Tl‘ -3+ |T2| -3 = dimmO,Tl X i):no,T2 .

If f is a product map as above and z;, z;, 2, are the three common points of 77 and 75, use an
element o € PSLa to map z; to 0, z; to 1 and z;, to oco. Let t1,...,%, denote the images of z1,..., 2,
(excluding z;, 27, z;) under a. Given the indices 4, j and k, the product map is then determined by
specifying a partition of {¢1,...,t} into S; and Sz. We use the notation T; = {0,1,00} U S; for
1=1,2.

The shuffle product formula (2.19) on pairs of polygons is motivated by the formula for multi-
plying integrals given in the following proposition.

13
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PROPOSITION 2.19. Let S = {1,...,n}, and let T} and Ty be subsets of S as in (2.17), of orders
r + 3 and s + 3 respectively. Let wy (resp. wa) be a cell-form on My, (resp. on My 5), and let v,
and 79 denote cyclic orderings on Ty and T5. Then the product rule for integrals is given by the
following formula, called the modular shuffle relation:

/ wl/ (,UQ:/ W1 I woy, (2.21)
X, JXxo, X

v1 M vg

where wi mwy converges on the cell X, for each term y in v; m~ys.

Proof. The subsets T} and T5 correspond to a product map
f : S);nO,n - mO,T X S);nO,s-

The pullback formula gives a multiplication law on the pair of integrals:

/ wl/ wo = / w1 Awy = / fH (w1 Awa). (2.22)
Xy Xoyg Xy X Xog Xy X Xqy)

The preimage f~1(X,, x X,,) decomposes into a disjoint union of cells of 9 ,,, which are precisely
the cells given by cyclic orders of v, m 2. In other words,

X x Xoy) = Z Xy
YEYL I Y2
where the sum denotes a disjoint union. Now we can assume without loss of generality that 77 =
{0,1,00,t1,...,tg}, To = {0,1,00,tks1,...,t¢} and that d1,d2 are the cyclic structures on 77,75
corresponding to wi,ws, respectively, where §1, d2 restrict to the standard cyclic order on 0,1, co.
Then, in cell function notation,

(6111 01,00} 02)

frwr Awa) = (01) () dty ... dty = (0,1, 00)

dtl...dtg = W1 mwy ,

by proposition 2.9. Since w; and wy converge on the closed cells Yn and Y’ﬁ respectively, w1 A wo
has no poles on the contractible set X,, x X,,, and therefore wi mws = f*(wi A wa) has no poles
on the closure of f~1(X,, x X,,). But Y ey i, X 18 a cellular decomposition of fHX, x X,),
so, in particular, wj mwy can have no poles along the closure of each cell X, where v € 4y m~,. [

2.3.3 6(n) action on pairs of polygons The symmetric group &(n) acts on a pair of polygons
by permuting their labels in the obvious way, and this extends to the vector space Ps @ Pg by
linearity. If 7 : My ,, — Mo, is an element of &(n), then the corresponding action on integrals is
given by the pullback formula:

/ Wy —/ T (wn) —/ Wr(n) - (2.23)
X, 7(Xy) X

()

Suppose that 7 belongs to the dihedral group which preserves the dihedral structure underlying a
cyclic structure «. Let € = 1 if 7 preserves «, and € = —1 if 7 reverses its orientation. We have the
following dihedral relation between convergent integrals:

/X7 wy = (=1)° /X7 T (wp) = (—1)6/)(7 Wr()- (2.24)

Both the formulas (2.23) and (2.24) extend to linear combinations of integrals of cell-forms as
long as the linear combination converges over the integration domain. This convergence is not a
consideration when working with pairs of polygons rather than integrals.

14
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ExXAMPLE 2.20. The form corresponding to ¢(2,1) on My is
dtydtadts
(1 —t1)(1 —to)ts
which gives ((2,1) after integrating over the standard cell. By applying the rotation (1,2,3,4,5,6),
a dihedral rotation of the standard cell, to this form, one obtains

= [07 17t17t2)007t3] + [07 17t27t17007t3]7

[t1,00,t2,t3,0,1] 4 [t1, 00,3, t2,0,1] = [0,1,¢1, 00, te, t3] + [0, 1,1, 00, t3, to]
dt1dtodts
(1= t)taty’
which gives ((3) after integrating over the standard cell. Therefore, we have the following relation
on linear combinations of pairs of polygons:
((0,t1,t2,t3,1,00), (0,1, 81, b2, 00, t3] + [0, 1,2, 1, 00, t3])
= ((0,t1,t2,t3,1,00), [0, 1,11, 00, 2, 3] + [0, 1, ¢1, 00, t3, t2])

(2.25)

which on the level of integrals corresponds to

dtydtadts dtydtodts
21 = ts(1 —to) (1 —t1) Tl — 1)
X35 3( 2)( t1) X35 t3ta( t1)

=((3).

Remark 2.21. This identity is an example of the well-known duality relation between multiple
zeta values given as follows. Every tuple (nq,...,n,) of positive integers with n; > 1 is uniquely
associated to a word ™~y ... 2" ~ly in non-commutative variables x, y. Let (mq,...,ms) be the
tuple thus associated to the word zy™ ~!...zy™ ~1. The duality relation is

C(nyy...,np) =C(my,...,msg).

This relation follows from the dihedral relation above, using the reflection permutation correspond-
ing to the reflection of the polygon (0,1,%¢1,...,%,-3,00) over the symmetry axis through the side
labeled oc.

2.3.4 Standard pairs and the product map relations A standard pair of polygons is a pair (d,7)
where the left-hand polygon is the standard cyclic structure. Let S = {1,...,n}, and Ty UTy, = S
with 79 N7, = {0, 1,00} be as above, and let 1 and 7, be cyclic orders on 7} and T5. In the present
section we show how for each such 71,72, we can modify the modular shuffle relation to construct
a multiplication law on standard pairs.

DEFINITION 2.22. Let d; and do denote the standard orders on 77 and T5. Then there is a unique

permutation 7; mapping &; to 7; such that 7;(0) = 0, for ¢ = 1,2. The multiplication law, denoted
by the symbol X, and called the product map relation, is defined by
(01, w1) x (02, w2) = (71, 71 (w1)) m (v2, T2(w2))

= (’)/1]_[1’}/2,7'1((,01)]117'2(&)2)) (226)

- Z (9, 7:,_1(7'1(001) m 72(w2))),

YEY1 T Y2

where for each v € vy ms, 7, is the unique permutation such that 7.,(6) = v and 7,(0) = 0.

EXAMPLE 2.23. Let S = {0,1,00,t1,to,t3,t4}, T1 = {0,1,00,t1,t4} and To = {0,1, 00, ta,t3}. Let
the cyclic orders on 77 and T be given by v1 = (0,t1,1,00,t4) and 72 = (0,t2,1,t3,00). Applying
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the product map relation to the pairs of polygons below yields
((0,t1,t4,1,00),[0,1, t1,00,t4]) x ((0,%2,t3,1,00),[0,1,t2,00,3])
= ((0,t1,1,00,t4), [0, 00,1, t4,1]) m ((0, 22, 1, 23, 00), [0, t3, 2, 00, 1])
= —((0,t1,t2,1,t3,00,t4), [0, 3, t2, 00, t1, 14, 1]) (2.27)
— ((0,t,t1,1, 83,00, t4), [0, t3, t2, 00, t1, 4, 1])
= ((0,t1,t2,t3,t4,1,00), [0, t3, 00, t1, 1, b2, t4] + [0, 3,00, t2, 1, 81, t4].

In terms of integrals, this corresponds to the relation

<(2)2 :/ dtidty / dtodts
Xs5,5 (L —t1)t4 Xs5.5 (1 —t2)ts

B / dty dtodtsdts . dtydtadtsdts
X Ta(ts — t2) (1~ t2)(1— 00)t5  a(ta — 1)(L — t1)(1 — t2)ts

We will show in §4.4 that the last two integrals evaluate to %{ (2)? and 13—0( (2)? respectively.

(2.28)

2.4 The algebra of cell-zeta values

DEFINITION 2.24. Let C denote the Q-subvector space of R generated by the integrals [ X, ;@
where X, s denotes the standard cell of My ,, for n > 5 and w is a holomorphic ¢-form on My, with
logarithmic singularities at infinity (thus a linear combination of 01 cell-forms) which converges on
Xp5. We call these numbers cell-zeta values. The existence of product map multiplication laws in
proposition 2.19 imply that C is in fact a Q-algebra.

THEOREM 2.25. The Q-algebra C of cell-zeta values is isomorphic to the Q-algebra Z of multizeta
values.

Proof. Multizeta values are real numbers which can all be expressed as integrals | X, ;@ where w is
an {-form of the form 7

Coat
= (-1)¢ =, 2.29
) (2:29)
where €1 =0, ¢; € {0,1} for 2<i < ¢ —1, ¢, =1, and d denotes the number of 7 such that ¢; = 1.
Since each such form converges on X, 5, the multizeta algebra Z is a subalgebra of C. The converse

is a consequence of the following theorem due to F. Brown [3].

THEOREM 2.26. If w is a holomorphic ¢-form on My , with logarithmic singularities at infinity and
convergent on X,, s, then f X, ;@ is Q-linear combination of multizeta values.

Thus, C is also a subalgebra of Z, proving the equality. O

The structure of the formal multizeta algebra, generated by symbols (formally representing
integrals of the form (2.29)) subject to relations such as shuffle and stuffle relations, has been much
studied. The present article provides a different approach to the study of this algebra, by turning
instead to the study of a formal version of C.

DEFINITION 2.27. Let |S| > 5. The formal algebra of cell-zeta values FC'is defined as follows. Let
A be the vector space of formal linear combinations of standard pairs of polygons in Ps ® Pg

Z a; ((5, wi)
i
such that the associated ¢-form ), a;w; converges on the standard cell X, 5. Let FC denote the
quotient of A by the following families of relations.
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DEFINITION 2.28. The three families of relations defining FC' are as follows:

— Product map relations. These relations were defined in section 2.3. For every choice of subsets
T, Ty of S = {1,...,n} such that T3 UT, = S and [T} N Ts| = 3, and every choice of cyclic
orders 71,72 on T1, Ty, formula (2.26) gives a multiplication law expressing the product of any
two standard pairs of polygons of sizes |T7| and |T»| as a linear combination of standard pairs
of polygons of size n.

— Dihedral relations. For o in the dihedral group associated to 0, i.e. o(d) = %4, there is a
dihedral relation (6,w) = (¢(0), o(w)).

— Shuffles with respect to one element. The linear combinations of pairs of polygons (6, (A, e) m (B, ¢))
where A and B are disjoint of length n — 1 are zero, as in (2.13).

With the goal of approaching the combinatorial conjectures given in the introduction, the pur-
pose of the next chapters is to give an explicit combinatorial description of a set of generators
for FC. We do this in two steps. First we define the notion of a linear combination of polygons
convergent with respect to a chord of the standard polygon &, and thence, the notion of a linear
combination of polygon convergent with respect to the standard polygon. We exhibit an explicit
basis, the basis of Lyndon insertion words and shuffies for the subspace of such linear combinations.
In the subsequent chapter, we deduce from this a set of generators for the formal cell-zeta value
algebra FC and also, as a corollary, a basis for the subspace of the cohomology space H 6(93107”)
consisting of classes of forms converging on the standard cell.

Remark 2.29. One of the most intriguing and important questions concerning FC' is the conjectural
isomorphism with the algebra of formal multizeta values FZ mentioned earlier in conjecture 1.4.
In fact, there is a very natural “candidate map” from the generators of FZ to elements of FC,
coming from simply mapping the differential forms in (1.2) to the corresponding form in the con-
vergent cohomology group H f(img’n) (an explicit expression in terms of the basis is given in formula
(4.7) below). However, in order to yield an algebra morphism, this map would have to respect the
regularized double shuffle relations on the multizeta values. The shuffle relation is easy to obtain
on the images, using the shuffle product maps corresponding to the partition of (0,t1,...,ts, 1,00)
into (0,¢1,...,tm,1,00) and (0,tm1,. .., 1,00) for 2 < m < £ — 2 (cf. [3]). Likewise, one could
hope that the stuffle relations would follow from the so-called stuffle product maps defined in [3].

These maps can be expressed very simply in terms of the cubical coordinates x1,...,x, defined by
t1=x1 Xy, to =T - Ty,...,Lp =Ty, AS
(0,21,...,2¢,1,00) — (0,21,...,Tm,1,00) X (0, Zpy1,...,2¢ 1,00)

(it is easy to see that this is indeed a product map [3]). However, computing the product of two
multizeta values as a sum using this product map yields a sum of cell-zeta values which is not
obviously equal to a sum of multiple zeta values (let alone the desired stuffle sum).

By a method due to P. Cartier, the stuffle relations on multizeta values written as integrals of
the differential forms w in (1.2) written in cubical coordinates can be proved using variable changes

of the form
/ w :/ o (w) (2.30)
[0,1]¢ [0,1)¢

for ¢ any permutation of the ¢ coordinates x1, ..., xs. We could choose to forcibly add the relations
(2.30), for all forms w such that both w and ¢*(w) are defined on My, and convergent on the
standard cell. This would ensure the validity of the stuffle relations on multiple zeta values inside
FC. However, we have abstained from doing so in the hopes that some possibly weaker conditions
may be deduced from our relations and imply the stuffle, hence giving a morphism FZ — FC with
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the definition of FC above. This certainly occurs experimentally up to n = 9. The paper [19] by 1.
Souderes takes up this question in the context of motivic multiple zeta values.

Remark 2.30. By analogy with the situation for mixed Tate motives and formal multizeta values,
we expect that the formal cell-zeta value algebra will be a Hopf algebra. However, we have not yet
determined an explicit coproduct.

3. Polygons and convergence

The present chapter is devoted to redefining certain familiar geometric notions from the moduli
space situation: differential forms, divisors, convergence of forms on cells, divergence of forms along
divisors, residues, etc., in the completely combinatorial setting of polygons.

In this setting, the twin notions of cells and cell-forms are simultaneously replaced by the single
notion of a polygon, as explained in the previous chapters. Boundary divisors then correspond to
chords of polygons, and the issues of divergence become entirely symmetric, with a chord of one
polygon being “a bad chord” for another if the latter corresponds to a form which diverges along
the divisor represented by the bad chord. This language makes it much easier to discuss residue
calculations, convergence of linear combinations of polygons along bad chords, and most importantly,
convergence of linear combinations of polygons with respect to the standard polygon §. In the main
result of this chapter, we exhibit an explicit basis for the space of linear combinations of polygons
convergent with respect to the standard polygon, consisting of linear combinations called Lyndon
insertion words and Lyndon insertion shuffles. This result will be key in the following chapter
to determining an explicit basis for the space of holomorphic differential /-forms on My, with
logarithmic singularities at the boundary, that converge on the standard cell §. The integrals of
these basis elements, baptized cell-zeta values, form the basic generating set of our algebra of cell-
zeta values, and it is the polygon construction given here that allows us to define a set of formal
cell-zeta values generating the corresponding, combinatorially defined, formal cell-zeta algebra.

3.1 Bad chords and polygon convergence

For any finite set R of cardinality n, let Pr denote the QQ vector space of linear combinations of
polygons on R, i.e. cyclic structures on R, identified with planar polygons with edges indexed by R,
as in definition 2.14 from section 2.3.

Let V denote the free polynomial shuffle algebra on the alphabet of positive integers, and let V'
be the quotient of V by the relations w = 0 if w is a word in which any letter appears more than
once (these relations imply that wmw’ = 0 if w and w’ are not disjoint). A basis for V is usually
taken to be the set of all words w, but a theorem of Radford ([17] or [18], Theorem 6.1 (i)), gives
an alternative basis for ¥ which we use here.

DEFINITION 3.1. Put the lexicographic ordering on the set of all words in a given ordered alphabet
A. A Lyndon word w in the alphabet is a word having the following property: for every way of
cutting the word w into two non-trivial pieces w; and ws (so w is the concatenation wjws), the
word wo is greater than w itself for the lexicographical order. The Lyndon basis for the vector space
generated by words in A is given by Lyndon words and shuffles of Lyndon words.

Consider the image of the Lyndon basis of V under the quotient map ¥V — V. The elements of
this basis which do not map to zero remain linearly independent in V', whose basis thus consists of
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Lyndon words with distinct letters — such a word is Lyndon if and only if the smallest character
appears on the left — and shuffles of disjoint Lyndon words with distinct letters. Throughout this
chapter, we work in V', so that when we refer to a ‘word’, we automatically mean a word with distinct
letters, and shuffles of such words are zero unless the words are disjoint. Let Vg be the subspace of V'
spanned by the n! words of length n with distinct letters in the characters of S = {1,...,n}. Then
the Lyndon basis for Vg is given by the (n — 1)! Lyndon words of degree n and the (n —1) - (n —1)!
shuffles of disjoint Lyndon words the union of whose letters is equal to S.

Recall from definition 2.14 that the vector space Pg is generated by cyclic structures on {1,...,n},
identified with planar n-polygons with edges indexed by S. If we consider (n + 1)-polygons with
edges indexed by S U {d} for some new letter d ¢ S, we have a natural isomorphism

Vg 5 PSU{d} (3.1)

given by writing each cyclic structure on SU{d} as a word on the letters of S followed by the letter
d.

DEFINITION 3.2. Let Is C Pguiqy be the subspace linearly generated by shuffles of polygons
(Am B,d), where AUB =S, AN B =0 and A, B # (). Here, a shuffle of polygons simply refers to
the linear combination of polygons indexed by the words in the shuffle sum (Am B, d).

Then under the isomorphism (3.1), I is identified with the subspace of Vg generated by the part
of the Lyndon basis consisting of shuffles. By a slight abuse of notation, we use the same notation
I for the corresponding subspaces of Pg gy and of Vg.

DEFINITION 3.3. Let D = S; U Sy denote a stable partition of S (partition into two disjoint subsets
of order > 2). Let v be a polygon on S. We say that the partition D corresponds to a chord of v if
the polygon v admits a chord which cuts « into two pieces indexed by S1 and Ss. The sets S1, S
are called blocks associated to the chord D. Thus, a chord divides « into two blocks, and the set of
chords x(7) indexes the set of stable partitions which are compatible with - in the sense that the
subsets S1 and S5 of the partition are blocks of ~.

DEFINITION 3.4. Let «,n denote two polygons on S. We say that n is convergent relative to ~y if
there are no stable partitions of S compatible with both + and 7:

x(v)Nx(n) =0. (3.2)

In other words, there exists no block of v having the same underlying set as a block of n. If n is a
polygon on S, then a block of 7 is said to be a consecutive block if its underlying set corresponds to
a block of the polygon with the standard cyclic order §. The polygon 7 is said to be convergent if it
has no consecutive blocks at all, i.e., if it is convergent relative to 6. A polygon n € Pgq; is said
to be convergent if it has no chords partitioning S U {d} into disjoint subsets S; U So such that Sy
is a consecutive subset of S ={1,...,n}.

DEFINITION 3.5. We now adapt the definition of convergence for polygons in Pg gy to the corre-
sponding words in Vg. A convergent word in the alphabet S is a word having no subword which forms
a consecutive block. In other words, if w = a;,a;, - - - a;,., then w is convergent if it has no subword
@i;Qi;,, - - - aj, such that the underlying set {a;,,a;,,,,...,a; } = {i,i+1,...;i+r} C{l,...,n}. A
convergent word is in fact the image in Vg of a convergent polygon in Pgy4) under the isomorphism
(3.1).

EXAMPLE 3.6. When 1 < n < 4 there are no convergent polygons in Pg. For n = 5, there is only one
convergent polygon up to sign, given by v = (13524). The other convergent cyclic structure (14253)
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is just the cyclic structure (13524) written backwards. When n = 6, there are three convergent
polygons up to sign:

(135264) , (152463) , (142635) .

There are 23 convergent polygons for n = 7. Note that when n = 8, the dihedral structure n =
(24136857) is not convergent even though no neighbouring numbers are adjacent, because {1, 2, 3,4}
forms a consecutive block for both 7 and 4.

Remark 3.7. The enumeration of permutations satisfying the single condition that no two adjacent
elements in 7 should be consecutive (the case & = 2) is known as the dinner table problem and
is a classic problem in enumerative combinatorics. The more general problem of convergent words
(arbitrary k) seems not to have been studied previously. The problems coincide for n < 7, but the
counterexample for n = 8 above shows that the problems are not equivalent for n > 8.

3.2 Residues of polygons along chords

In this section, we give a combinatorial definition on polygons generalizing the notion of the residue
of a differential form at a boundary divisor along which it diverges.

DEFINITION 3.8. (Polygon residues) For every stable partition D of S given by S = S; U Sy, we
define a residue map on polygons

Resl, : Pg — Psiu(ay @0 Psyu{dy

as follows. Let 1 be a polygon in Pg. If the partition D corresponds to a chord of 7, then it cuts
n into two subpolygons n; (i = 1,2) whose edges are indexed by the set S; and an edge labelled d
corresponding to the chord D. We set
if D i hord of
Resfy() = 4 1157 O (33
0 if D is not a chord of 7.

More generally, we can define the residue for several disjoint chords simultaneously. Let S =
S1U---U S,y be a partition of S into r 4+ 1 disjoint subsets with r» > 2. For 1 < ¢ < r, let D; be
the partition of S into the two subsets (S1 U ---S;) U (Si41 U U S,41). For any polygon n € Pg,
we say that n admits the chords Dy, ..., D, if there exist r chords of 7, disjoint except possibly for
endpoints, partitioning the edges of 7 into the sets Si,...,Sy+1. If n admits the chords Dy, ..., D,,
then these chords cut 7 into r 41 subpolygons 7y, . .., n.41. Let T; denote the set indexing the edges
of n;, so that each T; is a union of S; and elements of the set {di,...,d,} of indices of the chords.
The composed residue map

RGS%LMDT : Ps — ’PT1 R ® PTT
is defined as follows:

Res%l,...,Dr( ) = {771 ® -+ @npy1 if n admits Dq,..., D, as disjoint chords (3.4)

o if  does not admit Dy, ..., D,

EXAMPLES 3.9. In this example, n = 12 and the partition of S given by Dy, Dy, D3 and Dy is
S1=1{1,2,3}, S ={4,10,11,12}, S = {5,9}, Sy = {6}, S5 = {7, 8}.
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(o]

11 9
10
We have T7 = SlU{dl}, Ty = SQU{dl,dg}, T3 = SgU{dQ, d3}, Ty = S4U{d3, d4}, Ts = S5U{d4}.
The composed residue map Reszf31 Ds.Ds.D, Maps the standard polygon ¢ = (1,2,3,4,5,6,7,8,9,10,11,12)
to the tensor product of the five subpolygons shown in the figure.

The definition of the residue allows us to extend the definition of convergence of a polygon to
linear combinations of polygons.

DEFINITION 3.10. (Polygon divergence along the standard polygon: bad chords) Let E be a partition
of S U {d} into two subsets, one of which is a consecutive subset 7' = {i,i 4+ 1,...,i+ j} of S for
the standard order, and let n be a polygon. We say that E is a bad chord for 7, or eqiuvalently 7
is a bad polygon for E, if E € x(n) (this expresses the idea that the cell-form corresponding to 7
diverges along the boundary divisor, corresponding to E, of the standard cell 6). If n = >, a;m;,
then we say that E is a bad chord for # if any 7; is a bad polygon for E.

DEFINITION 3.11. (Polygon convergence along the standard polygon) The linear combination 1 =
> a;in; is said to converge along the chord E of the standard polygon (or along the corresponding
consecutive subset T) if the residue satisfies

Resl; (1) € It ® Ps\ru{aju{e} (3.5)

where I7 is as in definition 3.2. A linear combination 7 is convergent (along the standard polygon)
if it converges along all of its bad chords.

The goal of the following section is to define a set of particular linear combinations of polygons,
the Lyndon insertion words and Lyndon insertion shuffles, which are convergent, and show that
they are linearly independent. In the section after that, we will prove that this set forms a basis for
the convergent subspace of Pgyq;-

3.3 The Lyndon insertion subspace

DEFINITION 3.12. Let a 1n-word be a word of length n in the distinct letters of S = {1,...,n} in
which the letter 1 appears just to the left of the letter n, and let Wg C Vg >~ Pgqy denote the
subspace generated by these words. The space Wy is of dimension (n — 1)!.

The following lemma will show that Vg = Wg & Ig, where Ig is the subspace of shuffles of
definition 3.2.

LEMMA 3.13. Fix two elements a; and ag of S = {1,...,n}.
Let
T = Z Cini € VSa
i
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where the n; run over the words of length n in Vs such that a; is the leftmost character of n; (resp.
the n; run over the words where ay appears just to the left of ay in n;). Then 7 € Ig if and only if
¢; = 0 for all i.

Proof. The assumption 7 € Ig means that we can write 7 = ZZ c;u; mo; for non-empty words
u; and v;. Considering this in the space Pgyqy isomorphic to Vg, it is a sum of cyclic structures
>, ci(ui, d)m (vs, d) shuffled with respect to the point d. Choose any bijection p : {1,...,n,d} —
{0,1,00,t1,...,tp—2} which maps d to 0 and a; to 1 (resp. which maps a; to 0 and ay to 1).
Define a linear map from Pgyqy to H""2(Mg n+1) by first renumbering the indices (1,...,n,d)
of each polygon n € Pgyiqy as (0,1,00,t1,...,th—2) via p, then mapping the renumbered polygon
to the corresponding cell-form (same cyclic order). By hypothesis, 7 = ). ¢;7; maps to a sum
wr =y cijwy, of 01 cell forms. Since 7 is a shuffle with respect to one point, we know by (2.13)
that w; = 0. But the 01 cell-forms w,, are linearly independent by theorem 2.12. Therefore each
C; = 0. O

Recall that the shuffles of disjoint Lyndon words form a basis for Ig; we call them Lyndon
shuffles. A convergent Lyndon shuffle is a shuffle of convergent Lyndon words.

DEFINITION 3.14. We will recursively define the set Lg of Lyndon insertion shufflesin Ig. If S = {1},
then Lg = 0. If S = {1,2} then £g = {1m2}. In general, if D is any (lexicographically ordered)
alphabet on m letters and S = {1,...,m}, we define Lp to be the image of Lg under the order-
preserving bijection S — D corresponding to the ordering of D.

Assume now that S = {1,...,n} with n > 2, and that we have constructed all of the sets L¢;
with ¢ < n. Let us construct Lg. The elements of these sets are constructed by taking convergent
Lyndon shuffles on a smaller alphabet, and making “insertions” into every letter except for the
leftmost letter of each Lyndon word in the shuffle, according to the following explicit procedure. Let
T = {ai,...,ax} be an alphabet with 3 < k < n letters, ordered by the lexicographical ordering
a1 < --- < ag, and choose a convergent Lyndon shuffle v of length k in the letters of T. Write v as
a shuffle of s > 1 convergent Lyndon words in disjoint letters:

v = (ai, - aikl)m (aik1+1 T aikg) Or - - I (aiks,1+1 T a’iks)
where 1 < k1 < ko < -+ < ks = k. Choose integers v1,...,vr > 1 such that ZZ v; = n and such
that for each of the indices [ = 41, %k, +1,...,%, ,+1 of the leftmost characters of the s convergent

Lyndon words in 7, we have v; = 1. For 1 < i < k, let D; denote an alphabet {b, ..., bﬁh} When
v; = 1, insert bzi into the place of the letter a; in 7; when v; > 1, choose any element V; from Lp,,
and insert this V; into the place of the letter a;.

The result is a sum of words in the alphabet UleDi. Note that this alphabet is of cardinal
n and equipped with a natural lexicographical ordering given by the ordering D1, ..., Dy and the
orderings within each alphabet D;. We can therefore renumber this alphabet as 1,...,n. Since it is
a sum of shuffles, the renumbered element lies in Ig, and we call it a Lyndon insertion shuffle on
S. The original convergent Lyndon shuffle v on 7' is called the framing; together with the integers
v;, we call this the fixed structure of the insertion shuffle. We define L£g to be the set of all Lyndon
insertion shuffles on S, constructed by varying the choice of 3 < k < n, the convergent Lyndon
shuffle v on k letters, the numbers vy, ..., v; and the elements V; for each v; > 1 in every possible
way.

In the special case where k = n, we have v; = 1 for 1 < i < k and there are no non-trivial
insertions. The corresponding elements of Lg are thus just convergent Lyndon shuffles.

ExAMPLE 3.15. We have
£{172} = {111.[2}
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£{1’273}:{1H.I2IH3, 2]1113}
E{172’374} ={lm2m3m4, 13m2m4, 14m2m3, 24m 1 m3,

3m142, 13m24, 1(3m4) m2}

The last element of Ly 53 43 is obtained by taking T'= {1,2,3} and v = 13m 2. We can only insert
in the place of the character 3 since 1 and 2 are leftmost letters of the Lyndon words in 13m 2. As for
what can be inserted in the place of 3, the only possible choices are k = 1, v; = 2, D; = {b;, bs}, and
V1 = by m by, the unique element of £p, . The natural ordering on the alphabet {7\3}U D is given by
(1,2, b1, be) since by m by is inserted in the place of 3, so we renumber b; as 3 and bs as 4, obtaining the
new element 1(3m4)m2 = 134 m2+143m 2 = 2134+ 1234+ 1324+ 1342+ 2143+ 1243+ 1423+ 1432.

For n =5, L1 3345y has 34 elements. Of these, 25 are convergent Lyndon shuffles which we do
not list. The remaining nine elements are obtained by insertions into the smaller convergent Lyndon
shuffles: they are given by

(2m1(4w35), 2m1(3m4mb5)  insertions into 2m 13

3m1(4mb5)2, 4u15(2m3) insertions into 3 mr 142
13m2(4mb), 1(3m4)m25 insertions into 13 m 24

13m4)m2m5 insertion into 13 m2m4
1(4mb)m2m3 insertion into 14m2m3
24mb5)m1m3 insertion into 24 mr 1 m 3.

DEFINITION 3.16. We now define a complementary set, the set Wg of Lyndon insertion words.
Let a special convergent word w € Vg denote a convergent word of length n in S such that in the
lexicographical ordering (1, ..., n,d), the polygon (cyclic structure) n = (w, d) satisfies x(6)Nx(n) =
(); in other words, the polygon 1 has no chords in common with the standard polygon. This condition
is a little stronger than asking w to be a convergent word (for instance, 13524 is a convergent word
but not a special convergent word, since 13524d has a bad chord {2,3,4,5}). The first elements of
Wg are given by the special convergent 1n-words. The remaining elements of Wy are the Lyndon
insertion words constructed as follows. Take a special convergent word w’ in a smaller alphabet
T = {a1,...,a;} with k < n such that a; appears just to the left of ax_1, and choose positive
integers v1,...,v; such that v; = vy = 1 and Y, v; = n. As above, we let D; = {b},.. .,bf,i} for
1 <4 <k, and choose an element D; of Lp, for each ¢ such that v; > 1. For ¢ such that v; = 1, insert
bli in the place of a; in w’, and for 7 such that v; > 1 insert D; in the place of a;. We obtain a sum
of words w” in the letters UD;. This alphabet has a natural lexicographic ordering D1, ..., Dy as
above, so we can renumber its letters from 1 to n, which transforms w” into a sum of words w € Vg
called a Lyndon insertion word. Note that by construction, the result is still a sum of 1n-words.
The set Wg consists of the special convergent words and the Lyndon insertion words.

Remark 3.17. Tt follows from lemma 3.13 that the intersection of the subspace (Wgs) in Vg with the
subspace Ig of shuffles is equal to zero.

ExXAMPLE 3.18. We have
W{1»2} = (Z)v W{1,2,3} = @7 W{1727374} = {3142},
Wit 2345 = {24153,31524, (3m4)152,415(2m 3) }

The last two elements of Wy 2345, are obtained by taking v1 = 1,v2 = 1,v3 = 2,v4 = 1 and
v1 = 1,v9 = 2,v3 = 1,v4 = 1 and creating the corresponding Lyndon insertion word with respect
to 3142.
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THEOREM 3.19. The set Ws U Lg of Lyndon insertion words and shuffles is linearly independent.

Proof. We will prove the result by induction on n. Since Lg C Ig and we saw by lemma 3.13 that
the space generated by Wg has zero intersection with Ig, we only have to show that that both Wg
and Lg are linearly independent sets. We begin with Lg. Since L 9y contains a single element, we
may assume that n > 2.

Let W =Ajm --- m A, be a Lyndon shuffle, with r > 1. We define its fized structure as follows.
Replace every maximal consecutive block (not contained in any larger consecutive block) in each A;
by a single letter. Then W becomes becomes a convergent Lyndon shuffle W’ in a smaller alphabet
T on k letters, which is equipped with an inherited lexicographical ordering. If T = {1,...,k},
then under the order-respecting bijection 77 — T, W’ is mapped to a convergent Lyndon shuffle V'
in T, called the framing of W. The fixed structure is given by the framing together with the set of
integers {v; | 1 < < k} defined by v; = 1 if that letter in 7' does not correspond to a maximal
block, and wv; is the length of the maximal block if it does. Thus we have vy 4+ - - - + v = n. We can
extend this definition to the fixed structure of a Lyndon insertion shuflle, since by definition this
is a linear combination of Lyndon shuffles all having the same fixed structure, and we recover the
framing and fixed structure of the insertion shuffle given in the definition.

ExamMpLE 3.20. If W is the Lyndon shuffle 1546 m1 237, we replace the consecutive blocks 23 and
546 by letters b; and by, obtaining the convergent shuffle W’ = 1bomb,7 in the alphabet T =
{1, b1, b2, 7}; renumbering this as 1,2,3,4 we obtain V = 13m24 € L{; 53 4). The fixed structure is
given by 13m 24 and integers v; = 1,v9 = 2,v3 = 3,v4 = 1.

The Lyndon insertion shuffles (1, (3m4)) m (2,5) and (1,3) m (2, (4m5)) have the same framing
13m 24, but since (vi,v2,v3,v4) = (1,1,2,1) for the first one and (1,1,1,2) for the second, they
do not have the same fixed structure. The Lyndon insertion shuffles (1, (5)ur(3,4,6))m (2,7) and
(1,(3,5)m (4,6)) m (2, 7) have the same associated framing 13 mr 24 and the same integers (v1, ve, v3,v4) =
(1,1,4,1). so they have the same fixed structure.

For any fixed structure, given by a convergent Lyndon shuffle v on an alphabet T of length k£ and
associated integers vy, ..., v with v1+- - -4+vx = n, let L(y, vy, ..., vx) be the subspace of Vg spanned
by Lyndon shuffles with that fixed structure. Since Lyndon shuffles are linearly independent, we
have

Vg = @L(% U1y ooy Ug)

Now, as we saw above, a Lyndon insertion shuffle is a linear combination of Lyndon shuffles all having
the same fixed structure, so every element of Wg U Lg lies in exactly one subspace L(7,v1,...,vt).
Thus, to prove that the elements of Lg are linearly independent, it is only necessary to prove the
linear independence of Lyndon insertion shuffles with the same fixed structure. If all of the v; = 1,
then the fixed structure is just a single convergent Lyndon shuffle on S, and these are linearly
independent. So let (v,v1,...,v;) be a fixed structure with not all of the v; equal to 1, and let
w=>y, q Ca¥q be a linear combination of Lyndon insertion shuffles of fixed structure v, vy, ..., vg.

Break up the tuple (1,...,n) into k successive tuples
Blz(l,...,?}1>, Bg:(1}1+1,...,v1+v2),...,Bk:(v1+--~—i—vk,1—|—1,...,n).

Let 41,...,%, be the indices such that B;,,...,B;, are the tuples of length greater than 1.
These tuples correspond to the insertions in the Lyndon insertion shuffles of type (v, v1,...,vg).
For 1 < j < m,let Ty = {B;;} U{d;}. This element d; is the index of the chord D; corresponding
to the consecutive subset B;;, which is a chord of the standard polygon and also of every term of w.
The chords D1, ..., D, are disjoint and cut each term of w into m 4 1 subpolygons, m of which are

24



THE ALGEBRA OF CELL-ZETA VALUES

indexed by Tj, and the last one of which is indexed by T/ = S\ {B;, U---UB;, } U{d1,...,dn}.
Thus we can take the composed residue map
Resp,  p (w) €Ppr ®---®Pr, @ Pr.

Let us compute this residue.

The alphabet 7" is of length k and has a natural ordering corresponding to a bijection {1,...,k} —
T'. Let v/ be the image of v under this bijection, i.e. the framing. Let P/, ..., P}, be the insertions

corresponding to the m tuples By, , ..., B;, in each term of w =) q CaWq- Each P]q lies in £ B;,- The
image of the composed residue map is then
Resp, Zcq Pld) @ - ® (P, dp) ® . (3.6)

Now assume that w =) ¢ Cawg = 0, and let us show that each ¢, = 0. We have

S c(Pld) © - ® (Pl dy) @7 =0,
q

and since ' is fixed, we have

Zcq(qu,dl) @@ (Pl dp) =

But for 1 < j < m, the Pq lie in EB and thus, by the induction hypothesis, the distinct Pq for
fixed 7 and Varylng q are hnearly mdependent Since d; is the largest element in the 1ex1cographlc
alphabet T;, the sums (ij, d;) are also linearly independent for fixed j and varying ¢, because if
>, ¢q(Pf,d;) =0 then 3 e, P! = 0 simply by erasing d;. The tensor products are therefore also
linearly independent, so we must have ¢, = 0 for all g. This proves that Lg is a linearly independent
set.

We now prove that Wg is a linearly independent set. For this, we construct the framing and fixed
structure of a Lyndon insertion word of length n in Wg just as above, by replacing consecutive blocks
with single letters, obtaining a word in a smaller alphabet 77 and a set of integers corresponding
to the lengths of the consecutive blocks. For instance, replacing the consecutive block (3m4) in the
Lyndon insertion word (3m4)152 by the letter by gives a convergent word b;152 in the alphabet
(1,2,b1,5); renumbering this as (1,2,3,4) gives the framing as 3124 and the associated integers as
v1 = 2,v9 = 1,v3 = 2,v4 = 1. For every fixed structure of this type, now given as a convergent word
v of length k& < n together with integers vy, ..., vg, we let W (v, v1,...,v;) denote the subspace of Vg
generated by Lyndon insertion words with the fixed structure (vy,v1,...,v;). As above, the spaces
W(v,v1,...,v) do not intersect, so Wg = @W (v, v1,...,vk), and we have only to show that the
set of Lyndon insertion words with a given fixed structure is a linearly independent set. So assume
that we have some linear combination } | ¢ CaWq = 0, where the wg are all Lyndon insertion words of
given fixed structure (v, vy, ...,vg). If K = n, then these insertion words are just words, so they are
linearly independent and ¢, = 0 for all g. So assume that at least one v; > 1. We proceed exactly as
above. Breaking up the tuple (1,...,n) into tuples By, ..., By as above, and letting D1, ..., Dy, T}
and 7" denote the same objects as before, we compute the composed residue of > q CaWq and obtain
(3.6). Then because all of the insertions P lie in EBij and we know that these sets are linearly
independent, we find as above that ¢, = 0 for all q. O

3.4 Convergent linear combinations of polygons

DEFINITION 3.21. Let S = {1,...,n}. Let Jg be the subspace of Pg 4 spanned by the set Lg of
Lyndon insertion shuffles, and let Kg be the subspace of Pgy4y spanned by the set Wg of Lyndon
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insertion words.

We prove the main convergence results in two separate theorems, concerning the subspaces Ig
and Wg of Vs > Pg 4y respectively (cf. definitions 3.2 and 3.12).

THEOREM 3.22. An element w € Is C Pgyqy is convergent if and only if w € Jg.

Proof. Step 1. The easy direction. One direction of this theorem is easy. Since Jg is spanned by
Lyndon insertion shuffles, which lie in Ig, we only need to show that any Lyndon insertion shuffle
is convergent. If it is a shuffle of convergent Lyndon words, then there are no consecutive blocks in
any of the words. Therefore if the letters of any consecutive subset T' of S appear as a block in any
term of w, it must be because they appeared in more than one of the convergent words which are
shuffled together. So these letters appear as a shuffle, so the residue lies in It ® Pg\7u(q}, which by
definition 3.11 means that w is convergent. Now, if we are dealing with a Lyndon insertion shuffle
with non-trivial insertions, then there are two kinds of bad chords: those corresponding to these
insertions, and those corresponding to consecutive subsets of the insertion sets. For example, in the
Lyndon insertion shuffle

w=(2m1(4m35,d) = 2m (1435 + 1345 + 1354) = (3.7)

21435 + 12435 + 14235 + 14325 + 14352 - 21345 + 12345 + 13245+

13425 + 13452 4 21354 + 12354 + 13254 + 13524 + 13542,

in which (4m35) is inserted into the Lyndon shuffle 2m 13, and we write w in Vg rather than
Psuqay to avoid adding the index d to the end of every word above. The bad chord 345 corresponds
to the insertion, and the bad chords 34 and 45 appear in certain terms of the shuffle within the
insertion. For the latter type, since they appear inside an insertion which is itself a shuffle, their
letters only appear in shuffle combinations within the insertion (for instance 1435+ 1345 = 1(3m4)5
in the example above), so the residue along these chords is a shuffle. But also, for the bad chords
corresponding to an insertion set, the insertion itself lies in L7 C Iy, and is precisely one factor of
the residue, which is thus also a shuffle. For example, the residue in the example above along the
chord E = 345 comes from considering only the terms in (3.7) which have {3,4,5} as a consecutive
subset, i.e. the terms which are polygons admitting the chord 345, namely

w = 21435 + 12435 + 14352 4 21345 + 12345 + 13452 + 21354 + 12354 4 13542

= 21(435 + 345 + 354) + 12(435 + 345 + 354) + 1(435 + 345 + 354)2
= 21(4m35) + 12(4m 35) + 1(4m 35)2

and the residue is thus simply
R€S345(w) = (4H135) ® (216 + 12e + 162),

where e labels the chord E, and the insertion itself is the left-hand factor. Since insertions always
lie in L7, they are always shuffles, therefore w converges along the corresponding chords.

Step 2. The other direction: Induction hypothesis and base case. Assume now that w is convergent
and lies in Ig, so that we can write w = >, ajw; where each w; = (Ajm --- m A%, d) is a Lyndon
shuffle, r; > 1. We say that a consecutive block appearing in any A; is maximal if the same block
does not appear in that factor or in any other factor inside a bigger consecutive block. Factors may
appear which contain more than one consecutive block, but the maximal blocks are disjoint.

26



THE ALGEBRA OF CELL-ZETA VALUES

We prove the result by induction on the length of the alphabet S = {1,...,n}. The smallest
case is n = 3, since for n = 2, the polygons are triangles and have no chords. For n = 3, let

w=c1(12m3,d) + c2(13m2,d) + c3(1m2m 3, d) + c4(23m 1, d)

be a linear combination of all the Lyndon shuffles for n = 3. The bad chords are £ = {1,2},
F ={2,3}. We have

Resh,(w) = ¢1(1,2,€e) ® (em3,d) + c2(1m2,e) ® (e, 3,d)

+c3(1m2,e) ® (em3,d) + cs(1m2,e) ® (e,3,d).
For this to converge means that the left-hand parts of the two right-hand tensor factors (e, 3, d) and
(em3,d) must lie in I 5y. Since three of the four left-hand parts already lie in Iy 5y, the fourth

one must as well, which must mean that ¢; = 0. This is the condition for w to converge on FE. Now
let us consider F' = {2,3}. We have

RGS%((A)) = Cl(2m37f) ® (Lfad) +CQ(2m37f) ® (Lfad)

+c3(2m3,e) @ (lm f,d) + ¢4(2,3, f) @ (1w f,d).
This gives ¢4 = 0 as the condition for w to converge on F'. Therefore, we find that w is a linear
combination of 13m2 and 1m2m 3, which are exactly the elements of the basis Ly 3y of Jg. This
settles the base case n = 3.

The induction hypothesis is that for every alphabet S’ = {1,...,i} with i < n, if w € Iy is
convergent, then w € Jgr.

Step 3. Construction of the insertion terms (Sy,e) € I7. Now let S = {1,...,n} and assume that
w € Ig is convergent. Write w as a linear combination of Lyndon shuffles

w= Zciwi = Zci(AilmAém "-Af,i,d).

If no consecutive block appears in any A;, then w is a linear combination of convergent Lyndon
words, so it is in Jg by definition. Assume some consecutive blocks do appear, and consider a
maximal consecutive block 7', corresponding to a bad chord E. Decompose w = 71 + 2 where 7 is
the sum ) ;. 1, Giwi, with I the set of indices ¢ for which T appears as a block in some A;, which
by reordering shuffled pieces we may assume to be A%, and I is the set of indices for which T' does
not appear as a block in any A; Then because letters of 1" appear scattered in different A; in each
term of 9, any time they appear as a block in a term of ~», they must appear in several terms as
a shuffle combination, so Rest,(y2) € It ® Pa\ruferugay- Thus 72 converges along E. Since we are
assuming that w is convergent, v; must then also converge, so we must have

Resy(11) € It ® Po\ru{d)u{e}- (3.8)

For each i € I, write A% = BIY'C%, where Y consists of the letters of T in some order and B!
is a (possibly empty) Lyndon word.
We have
Resl,(71) = Z ci(Yie)® (BieClmAbm - - m AL, d) (3.9)
i€ly
Note that the alphabet (S \ T') U {e} corresponding to all of the right-hand factors has the lexi-
cographic ordering inherited from S by deleting the consecutive block of letters T' and replacing
it with the unique character e. Thus, all of the words appearing in the shuffles of the right-hand
factors are Lyndon words. Indeed, the A;, j > 1, are Lyndon by definition, the words BieC? with
non-empty B are Lyndon because of the assumption that A% = B{Y'C? is a Lyndon word and
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therefore the smallest character appears on the left of B}', and the words eCi which appear when
B! is empty are Lyndon because A} = Y'C! is Lyndon and the characters of Y* (i.e. those of T)
are consecutive, so they are all smaller than those appearing in C{'; thus e is less than any character
of C% in the inherited ordering. Thus, all of the right-hand factors of (3.9) are Lyndon shuffles.

Putting an equivalence relation on I by letting i ~ 4" if the right-hand factors of (3.9) are equal,
and letting [i] denote the equivalence classes for this relation, we write the residue as

Resh, (1) = Z (Z ¢(Y'e))® (BF@CF] mA[Qﬂ oI - mAE[]i],d). (3.10)
[f]jch i€q]

Since the right-hand factors in the sum over [i| are distinct Lyndon shuffles, the set of right-hand
factors forms a linearly independent set. Therefore by (3.8), we must have

(Sm,e) = Zci(Yi,e) elr (3.11)

1€[7]
for each [i] C I4.

Let us sh(‘)w‘ that (S[i], e) = 0 whenever BF is empty. For all ¢ € I; such that B% is empty, we
have A} = Y"'(C], and since these are all Lyndon words, the smallest character of T', say a, is always
on the left of Y, so we can write Y = aY{ and A} = aY{C! for all such i. Then for an equivalence
class [i] of such i, the (S, e) of (3.11) can be written

(S e) = Zci(Yi,e) = Zci(aYoi,e) e Ir.
i€li] i€li]
But by lemma 3.13, a sum of words all having the same character (here a) on the left and the same

]

character (here e) on the right cannot be a shuffle unless it is zero, so (S};,e) = 0 if Bgi is empty.

Step 4. Proof that the insertion terms (S|, e) lie in Jr. For this, we first need to show that (S}, e)
converges on every subchord of F, i.e. every consecutive subset inside the set T', before applying the
induction hypothesis. Let E’ be a subchord of E, corresponding to a consecutive block T” strictly
contained in 7.

Decompose the set of indices I into two subsets I3 and Iy, where I3 contains the indices 7 € I
such that T” appears as a consecutive block inside the block T" appearing in Aﬁ, and I4 contains the
indices 7 € I; such that the letters of 77 do not appear consecutively inside the block 7. Similarly,
partition I, the set of indices in the sum w = ), ¢;w; for which 7" does not appear as a block in Ail,
into two sets I5 and Ig, where I5 contains the indices 7 € I such that 77 appears as a block in some
A;- which we may assume to be A%, and I contains the indices i € Iy of the terms in which 7" does
not appear as a block in any A; We have corresponding decompositions v1 = v3 + Y4, Y2 = V5 + V6-

As before, T" must appear as a shuffle in g, so 75 converges along E’. As for 74, since T’
does not appear as either a block or a shuffle, the residue along E’ is 0. Since by assumption
w =93+ 74 + 75 + Y6 converges along E’, we see that v3 + 75 must converge along E’. Let us show
that in fact both 3 and 5 converge along E’.

Write A} = RIZ'S? for every i € I3 U I5, where Z' is a word in the letters of 7”. Note that R is
Lyndon, and non-empty by the identical reasoning to that used above to show that B is non-empty.
Then for k£ = 3,5, we have

Res%/(vk) = Z Ci(Zi, e)® (Rie’S" mAg m - - IHAiZ_, d). (3.12)
i€l

For k = 3,5, put the equivalence relation on I for which ¢ ~ ¢’ if the right-hand factors of (3.12)
are equal, and let (i) denote the equivalence classes for this relation. Note that because for i € I3,
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T’ appears as a block of T', the word B% must appear as the left-hand part of R, and the word Cf
must appear as the right-hand part of S*. Therefore, in particular, the new equivalence relation is
strictly finer than the old, i.e. the equivalence class [i] breaks up into a finite union of equivalence
classes (i). The residues for £ = 3,5 can now be written

Resh, (k) = Z (Z ai(Z, ) ® (R ¢ 5% mA§Z> m - mAT<‘2>)' (3.13)
(1) Iy 1€(3)

Then since the right-hand factors for each & are distinct Lyndon shuffles, they are linearly indepen-
dent. Furthermore, none of the right-hand factors occurring in the sum for £ = 3 can ever occur
in the sum for k = 5 for the following reason: the Lyndon words R'e’S’ appearing for k = 3 all
have the letters of T'\ 1" grouped around ¢, whereas none of the Lyndon words R'e’S® have this
property. Therefore all the right-hand factors from the residues of 3 and 75 together form a linearly
independent set, so we find that all the left-hand factors

> (Ze)elp, (3.14)
1€(i)C Iy
so that both ~3 and 75 converge along E’. In particular, this means that both v and 2 converge
along E'.

Now, to determine that the (S, e) of (3.11) converge along E', we will use (3.10) to compute
the composed residue map Res% 5 (71). We are only concerned with the set of indices I1 = I3U Iy

in (3.10). For each i € I3, write Y! = U'Z'V*® where Z' is a word in the letters of T", so that
R = B'U", S = V'C* and A} = B'U'Z'V'C". Then by (3.12), we have

Resh(v1) = Y (Z ci(UiZ’Vi,e)> ® (BleCt m Al w - m Al d)+
[[]els “i€[i]

3 (Z ci(Yi,e)> @ (BYleCy mAY - m Al | d).
[i]els “i€ld]

The terms for ¢ € I4 converge along T’, so they vanish when taking the composed residue, and we
find

Resyy p(11) = > (Z (i) @ (U"e’vi,e)> @ (BlleC m A w - wm Al | d).
[i]els “i€[d]
Since for each [i] C I3, the right-hand factors are as usual distinct and linearly independent, this
means that for each [i] C I3,

RGS%/(S[i], 6) = Z CZ'(Zi, 6,) ® (Uie’Vi, 6) S PT’U{e’} ® PT\T’U{@’}U{@}-
€[]
Now, the equivalence relation on i € [i] C I3 given by i ~ i’ if U = U" and Vi = V¥ is the same
as the equivalence relation i ~ ¢’ if R = R" and 8% = S% since R' = B'U' and S = ViC". So the
classes (i) correspond to sets of i for which U’ and V* are identical. Thus for each [i] C I3, we can
write

Resh, (Sp.e) = ) <Z e Zz',e/)) © (U ),
(HCli] “ie)
where the right-hand factors are all distinct words. Then (3.14) shows that this sum lies in I7» ®
Pr\rugeriufe} S0 in fact (Sp;), e) converges along E'. For [i] C I, we have saw that Res?, (S}, e)) =
0 since 7" never occurs as a block for i € Iy. Thus (S}, e) converges along E' for all [i] C I.
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Since we have just shown that (S};,e) converges along every subchord E’ of E, i.e. along the
chords corresponding to every consecutive subblock 7" of T', we see that each term (Sm, e) is con-
vergent along all its bad chords. Thus, by the induction hypothesis, (S};,¢e) € Jr.

Step 5. Construction of the insertions. The above construction shows that we can write w = 1 + ¥
with
=Y e(BISCmAl m - m Al q)
[ilely

with S}; € Jr. This means that the maximal block 7', which appeared only in 71, has been replaced
by an insertion in the sense of the definition of Lyndon insertion shuffles. To conclude the proof
of the theorem, we successively replace each of the maximal blocks in w by insertion terms in the
same way, in any order, since maximal blocks are disjoint. The final result displays w as a linear
combination of convergent Lyndon shuffles and Lyndon insertion shuffles, so w € Jg. ]

The following theorem is the exact analogy of the previous one, but with the actual shuffles in
Ig replaced by the words in Wg that have 1 just to the left of n, and the set of Lyndon insertion
shuffles replaced by Lyndon insertion words, which considerably simplifies the proof.

THEOREM 3.23. Let n € Ws C Pgyyqy- Then n is convergent if and only if n € Kg = (Ws).

Proof. The proof that w € Kg is convergent is exactly as at the beginning of the proof of the
previous theorem. So consider the other direction. Let w € Wg, so that we can write

w= Zami
7

where each 7; is a 1In-polygon (a 1n-word concatenated with d), and assume w is convergent. The
only possible bad chords for w are the consecutive blocks appearing in the 7;. Let T" be a subset of
S corresponding to a maximal consecutive block.

LEMMA 3.24. No maximal consecutive block having non-trivial intersection with {1,n} can appear
in any of the 1n-words n; of w.

Proof. If T is a maximal block containing both 1 and n, then T" = {1,...,n} which does not
correspond to a chord.

Assume now that T' = {m,...,n} with m > 1. Write n; = (K%, 1,n, Z!, H',d) where Z' is an
ordering of {m,...,n — 1}. Let E be the chord corresponding to 7. We have

Res%(z a;n;) = Zai(n, Z'e)® (K 1,e,H, d).
i i
Convergence implies that for any constant words K, H, the sum
> ainZ'e) elr, (3.15)
i|Ki=K,Hi=H

But by lemma 3.13, it is impossible for a sum of words all having the same character on the left to
be equal to a shuffle.

The case where T'= {1,...,m} with m < n is identical, except for an easy adaptation of lemma
3.13 to show that a sum of words all having the same character on the right cannot be equal to a
shuffle. ]

Now we can complete the proof of the theorem. Let w = ), a;n; be a sum of 1n-words which
converges, and consider a maximal consecutive block T C {2,...,n—1}. Let I; be the set of indices
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i such that 7; contains the block 7" and I the other indices. For i € I, write n; = (K%, Z*, H',d)
where Z° is an ordering of 7. Then
Rest (w) = Zai(Zi,e) ® (K% e H' d).
i€l
Let i ~ 7 be the equivalence relation on I; given by K = K¥ and H* = H". Then
Resp(w) = Y (D ai(Z,e)) @ (K, e, H, d),
flel i€ld]

and the right-hand factors are all distinct (linearly independent) words, so by the assumption that
w convergence along F, we have

(Sm,e) = Zai(Zi,e) € Ir
1€[7)
for each [i] C I;. Therefore we can write w as
w= Z ai(K[i], S[Z],H[Z], d) + Z aini,
[’i]CIl i€I2

with the maximal block T' replaced by the insertion Sp;. We prove that S, € Jr exactly as in
the proof of the previous theorem: considering a maximal consecutive block TV C T occurring in
a factor of Sp;), one shows that S}; converges along T’ if and only if w converges along T”. Since
w does converge by assumption, S[; also converges, and since this holds for all consecutive blocks
T' C T, Sy converges on all its subdivisors and therefore Sj; € Js = (Lg). Finally, one deals with
the disjoint maximal blocks appearing in w one at a time until no blocks at all remain, expressing
w explicitly as a linear combination of Lyndon insertion words. O

A summary of the results in this chapter. We introduced the following spaces, where S =
{1,...,n}:

— Vg: the Q-vector space generated by words in S having distinct letters

— Ig: the Q-vector space generated by shuffles of disjoint words of Vg (definition 3.2)

— Lg: the set of Lyndon insertion shuffles (definition 3.14), which are linearly independent (the-
orem 3.19)

— Jg: the subspace of Ig spanned by Lg, which forms the set of convergent elements of Ig
(theorem 3.22)

— Wg: the Q-vector space generated by words in Vg, so that by Radford’s theorem, we have
Vg =1Is® Wg

— Ws: the set of Lyndon insertion words (definition 3.16), which are linearly independent (the-
orem 3.19)

— Kg: the subspace spanned by Wg, which forms the set of convergent elements of Wg (theorem
3.23).

4. Explicit generators for 7C' and H f(smg,n)

In this chapter, we show that the map from polygons to cell-forms is surjective, and compute its
kernel. From this and the previous chapter, we will conclude that the pairs (J,w), where w runs
through the set Wy of Lyndon insertion words for n > 5, form a generating set for the formal
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cell-zeta algebra FC. In the final section, we show that the images of the elements of Wg in the
cohomology H*(9My ) yield an explicit basis for the convergent cohomology H* (Qﬁgm), determine
its dimension, and compute the cohomology basis explicitly for small values of n. We recall that
smgm is defined in section 1.1, and that by the “convergent cohomology”, we mean the cohomology
classes of ¢-forms with logarithmic singularities which converge on the closure of the standard cell.

4.1 From polygons to cell-forms
Let S = {1,...,n}. The bijection p : SU {d} — {0,t1,...,t¢+1,1,00} given by associating the
elements 1,...,n,d to 0,%1,...,tp11, 1, 00 respectively, induces a map f from polygons to cell-forms:

f
n=(o(1),...,0(n),d) = wy = [p(ca(1)),...,p(o(n)),oc].
The map f extends by linearity to a map from Pgyq to the cohomology group H 2 (M 1)
The purpose of this section is to prove that f is a surjection, and to determine its kernel.

Recall that Is C Pgy(qy denotes the subvector space of Pgy(q) spanned by the shuffles with
respect to the element d, namely by the linear combinations of polygons

(S11mS2,d)
for all partitions Sy [[ Sz of S.
PROPOSITION 4.1. Let S = {1,...,n}. Then the cell-form map
[ Psutay — H" 2 (Mons1)
is surjective with kernel equal to the subspace Ig.

Proof. The surjectivity is an immediate consequence of the fact that 01 cell-forms form a basis of
H" " 2(M n+1) (theorem 2.12), since all such cell-forms are the images under f of polygons having
the edge labelled 1 next to the one labelled n.

Now, Ig lies in the kernel of f by the corollary to proposition 2.9. So it only remains to show
that the kernel of f is equal to Ig. But this is a consequence of counting the dimensions of both
sides. By theorem 2.12, we know that the dimension of H"2(9Mp n+1) is equal to (n — 1)!. As for
the dimension of Pgyqy/Is, recall from the beginning of chapter 3 that Pggqy =~ Vs, which can
be identified with the graded n part of the quotient of the polynomial algebra on S by the relation
w = 0 for all words w containing repeated letters. Thus Vg is the vector space spanned by words
on n distinct letters, so it is of dimension n!. But instead of taking a basis of words, we can take
the Lyndon basis of Lyndon words (words with distinct characters whose smallest character is on
the left) and shuffles of Lyndon words. The subspace Ig is exactly generated by the shuffles, so the
dimension of the quotient is given by the number of Lyndon words on S, namely (n — 1)!. Therefore

PSU{d}/IS ~ Hn72(9ﬁ0’n+1). ]

Remark 4.2. The above proof has an interesting consequence. Since the map from polygons to
differential forms does not depend on the role of d, the kernel cannot depend on d, and any other
element of S U {d} could play the same role. Therefore Is, which is defined as the space generated
by shuffles with respect to the element d, is equal to the space generated by shuffles of elements
of S U {d} with respect to any element of S; it is simply the subspace generated by shuffles with
respect to one element of S'U {d}.

COROLLARY 4.3. Let Wg C Psyyqy be the subset of polygons corresponding to 1n-words (concate-
nated with d). Then

f:Wg > Hn_2(9ﬁ07n+1).
Proof. The proof follows from the fact that Pgyqy = Ws @ Is. O
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4.2 Generators for FC

By definition, FC' is generated by all linear combinations of pairs of polygons ). a;(d,w;) whose
associated differential form converges on the standard cell, but modulo the relation (among others)
that shuffles are equal to zero. In other words, since Pgyqy = Ws @ Ig, we can redefine FC' to be
generated by linear combinations ), a;(0,w;) such that >, a;w; € Wy and such that the associated
differential form converges on the standard cell.

The following proposition states that the notion of the residue of a polygon and the residue of
the corresponding cell-form coincide. In order to state it, we must recall that one can define the
map

p:Ps — Q(Mog) ,
from polygons labelled by S to cell forms in a coordinate-free way (one can do this directly from
equation (2.6)). In §1, this map was defined in explicit coordinates by fixing any three marked points

at 0,1 and oco. This essence of lemma 2.5 is that p is independent of the choice of three marked
points, and is thus coordinate-free.

PROPOSITION 4.4. Let S = {1,...,n} and let D be a stable partition S; U Sy of S corresponding to
a boundary divisor of My, with |S1| = r and | S| = s. Let p denote the usual map from polygons
to cell-forms. Then the following diagram is commutative:

Py P H (Mo,)

Res?, l lRes D

Ps,uiay @ Ps,uidy e H™2(Mori1) @ H =2 (Mo s41)-

In other words, the usual residue of differential forms corresponds to the combinatorial residue of
polygons.

Proof. Let n € Ps be a polygon, and let w, be the associated cell-form. If D is not compatible with
wy, then wy, has no pole on D by proposition 2.7, so Resp(w) = 0.

We shall work in explicit coordinates, bearing in mind that this does not affect the answer, by
the remarks above. Therefore assume that 7 is the polygon numbered with the standard cyclic order
on {1,...,n}, and that D is compatible with n. The corresponding cell-form is given in simplicial
coordinates by [0,%1, ...,z 1,00]. By applying a cyclic rotation, we can assume that D corresponds
to the partition

S1={1,2,3,...,k+1} and Sy ={k+2,...,n—1,n}

for some 1 < k < £. In simplicial coordinates, D corresponds to the blow-up of the cycle 0 =
t1 = --- = t;. We compute the residue of w, along D by applying the variable change t; =
T1...%py. .. te—1 = Tg_12,tg = x¢ to the form w, = [0,t1,...,%,,1,00]. The standard cell X, is
given by {0 < z1,...,2y < 1}. In these coordinates, the divisor D is given by {z; = 0}, and the
form w;,, becomes

oy = dxy...dxy . (A1)

(1 —x1)...xp(1 — xy)

The residue of w,, along x;, = 0 is given by

dxy...dxy_ d ...d
T Tg—1 2 Lk+1 Ty ' (4.2)
x1(l=—z1). ..z 1(1 —2k—1) Ty (1 — 2py1) ... xp(l — )
Changing back to simplicial coordinates via x1 = aj/ag,...,Tx—2 = agx—2/ax_1, Tp—1 = ax_1, and
xp=bg, xp—y =bp_1/by, ..., xpy1 = b /bry1 defines simplicial coordinates on D = Mg 41 X Mo s41.

The standard cells induced by 7 are (0,a1,...,a,-1,1,00) on My 41 and (0,bg,..., by, 1,00) on
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Mo, s+1. If we compute (4.2) in these new coordinates, it gives precisely
[O,CL]_,. . .,ak_l,l,OO] ® [Oubku"' 7b€71700] )

which is the tensor product of the cell forms corresponding to the standard cyclic orders 71,72 on
Sy U{d} and So U {d} induced by 7. Therefore p(Res",n) = Respwy,.

To conclude the proof of the proposition, it is enough to notice that applying o € &(n) to the
formula Respw, = wy;, ® wy, yields

Res,(p)o™(wy) = Reso(p)wo(y) = 0" (wny) ® 07 (Wny) = Woy) @ Wo(ny)-

Here, o(n;) is the cyclic order induced by o(n) on the set o(S1) U {o(d)}, where o(d) corresponds
to the partition S = o(S1) U o(S2). Thus p(Resa(D) a(n)) = Resy(p)wo(n) for all o € &(n), which
proves that p(Res?,y) = Respw, for all cyclic structures v € Pg, and all divisors D. O

COROLLARY 4.5. A linear combination n =, a;n; € Wg C Psuqay converges with respect to the
standard polygon if and only if its associated form w;, converges on the standard cell.

Proof. We first show that
Res?)(n) € Is, ® Ps,uqay + Psyugay @ Is, (4.3)

if and only if w;, converges along the corresponding divisor D in the boundary of the standard
cell. If (4.3) holds, then by proposition 4.1 together with the previous proposition, Resp(wy,) = 0.
Conversely, if Resp(w,) = 0 for a divisor D in the boundary of the standard cell, then by the
previous proposition, Resf, (1) € Ker(p® p), which is exactly equal to Is, ® Ps,u(a} + Ps,uqa} @ Is, -
We now show that (4.3) is equivalent to the convergence of 1. But since n € Wy, the argument
of lemma 3.24 implies that (4.3) holds automatically for any D which intersects {1, n} non-trivially.
If D intersects {1,n} trivially, then we can assume that {1,n} C Ss. In that case, the fact that
Ws, NIg, = 0 (lemma 3.13) implies that (4.3) is equivalent to the apparently stronger condition

Res),(n) € Is, @ Ps,uia)

and thus 7 converges along S in the sense of definition (3.5). This holds for all divisors D and thus
completes the proof of the corollary. O

COROLLARY 4.6. The Lyndon insertion words of Wg form a generating set for FC. Furthermore,
FC is defined by subjecting this generating set to only two sets of relations (cf. definition 2.28)

— dihedral relations

— product map relations

Remark 4.7. The third relation from definition 2.28 is not needed because we have restricted at-
tention from all linear combinations of pairs of polygons to only those in the basis Wg, where such
shuffles do not occur.

4.3 The insertion basis for Hz(ﬁﬁgm)

DEFINITION 4.8. Let an insertion form be the sum of 01-cell forms obtained by renumbering the
Lyndon insertion words of Wy via (1,...,n,d) — (0,%1,...,te41,1,00).

THEOREM 4.9. The insertion forms form a basis for H"~ Z(ZJJIO 1)

This is an immediate corollary of all the preceding results.

It is interesting to attempt to determine the dimension of the spaces Hf(smg’n). The most
important numbers needed to compute these are the numbers c¢o(n) of special convergent words
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(convergent 01 cell-forms) on My ,,. These can be computed by counting the number of polygons
indexed by symbols (0,t1,...,ts,1,00) (or (1,...,n)) which are convergent with respect to the
standard cyclic order and also have the index 0 next to 1 (or 1 next to n — 1); in other words, the
number of cyclic orders having 0 next to 1 and in which no k£ consecutive labels occur as a single
block of k consecutive elements of the cyclic order. By direct counting, we find ¢¢(4) = 0, ¢o(5) = 1,
60(6) = 2, 00(7) = 11, 60(8) = 64, 60(9) = 461.

PROPOSITION 4.10. Set Iy =1, and let I, denote the cardinal of the set Ly .y for r > 2 given in
definition 3.14. The dimensions d,, =dim Hé(mgﬂ) are given by

dn = > L ... I, co(r) (4.4)

r=>5 i1+-+ip_3=n—3

where the inner sum is over all partitions of (n—3) into (r—3) strictly positive integers. This formula
can be written as follows in terms of generating series. Let I(x) = > >° | I,a" = v+ 4223+ 7ot +
o+, and let C(x) = Y o2 s co(r)a™3 = 22 4+ 223 + 112t + 64a® + - - .. Then if D(z) = > o0 - dpa" 3,
we have the identity

D(z) = C(I(z)).

Proof. This recursive counting formula is a direct consequence of the definition, counting all possible
ways of making insertions into the cy(r) convergent 01-cell forms for 5 < r < n. O
Remark 4.11. We have I} = Iy =1, I3 =2, Iy = 7, Is = 34, I = 206 (see example 3.15). The
formula gives

d5 = 11260(5) =1 y

de = I1Ioco(5) + Inlico(5) + ico(6) =1 +1+2=4,

dr = 11[360(5) + 12260(5) + 131160(5) + 112[260(6) + 11]21160(6) + 1211260(6) + 60(7)

= 560(5) + 300(6) + 00(7) =54+6+11=22.
The authors thank Don Zagier for the restatement of formula (4.4) in terms of generating series. In
the forthcoming preprint [2], the following remarkably simple identity concerning the d,, is proven.
Let B(z) =2 — 2% — > 2%, d,2™ !, and set F(z) = Yo% (n — 1)l2™. Then
E(F(z)) =,

in other words E(z) is the formal inversion of the power series F'(z).

While the present paper was in the final stages of correction, a preprint [20] appeared in which a
sequence of numbers d,,, of which the first ones are equal to the d,, defined above, are discovered and
interpreted in terms of free Lie operads. In this paper, the authors give the same expression for the
generating series of their d,, as the inverse of F'(x), thus their result provides a new interpretation
of the dimensions d,,.

Note that the formula (4.4) gives the dimensions as sums of positive terms. A very different
formula for dim H* (Dﬁgm) is given in [2] using point-counting methods. The relations between the
proof in [20], the geometry of moduli spaces, the intermediate power series I(z) and C(z), and the
counting method in [2], will be discussed in a forthcoming paper.

4.4 The insertion basis for My ,, 5 <n <9

In this section we list the insertion bases in low weights. In the case My 5, there is a single convergent
cell form:

w = [0,1,t1,00,t2]. (45)
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The corresponding period integral is the cell-zeta value:

dt1dt
Cw) = / 0, 1, 1, 00, ta] = / _dhdtz g
(0,t1,t2,1,00) 0<t1 <ta<1 (1—t1)to

Here we use the notation of round brackets for cells in the moduli space My, introduced in section
2.3.4: the cell (0,t1,%2,1,00) is the same as the cell X5 s corresponding to the standard dihedral
order on the set {0,t1,t2,1,00}. Since Cy(5) is 1-dimensional, the space of periods in weight 2,
namely the weight 2 graded part Co of the algebra of cell-zeta values C of section 2.4, is just the
1-dimensional space spanned by [ Xos W = ¢(2).

4.4.1 The case Mo The space C(6) is four-dimensional, generated by two 01-convergent cell-
forms (the first row in the table below) and two forms (the second row in the table below) which
come from inserting £12 = {1m2} and Lo3 = {2m3} into the unique convergent 01 cell form
on Mo 5 (4.5). The position of the point co plays a special role. It gives rise to another grading,
corresponding to the two columns in the table below, since co can only occur in two positions.

00(6> w11 = [Oa 1,t2,00,t1,t3] w12 = [07 1,t1,t3,00,t2]
C1(6) | wa1 =1[0,1,t1,00,tamts] | woo = [0,1,t mty, 00, ts]

We therefore have four generators in weight 3. There are no product relations on 9 6, so in order to
compute the space of cell-zeta values, we need only compute the action of the dihedral group on the
four differential forms. In particular, the order 6 cyclic generator 0 — t; — ty = t3— 1+— 00— 0
sends

w11 —W21 — W22, W12 W11, W21 —Wi2 —W21, W22 Wal.

Thus, letting X denote the standard cell Xgs5 = (0,t1,%2,13,1,00), we have [ywi1 = [ywio,
fX wo1 = fX wo 2 and 2 fX w2 = fX w1,2, so in fact the periods form a single orbit under the action
of the cyclic group of order 6 on H* (ﬂﬁg, g)- We deduce that the space of periods of weight 3 is of
dimension 1, generated for instance by f wa1. Since wo 1 is the standard form for ¢(3), we have

0Lttt = [ PR = a0
€(0,1,t1,00,tomt3) = /Xm = (B3,
Ottty = [ R (@)

Note that wyo is the standard form usually associated to ((2,1), so that we have recovered the
well-known identity ((2,1) = {(3), which is normally obtained using stuffle, shuffle and Hoffmann
relations on multizetas.

4.4.2 The case Mo 7 The insertion basis is listed in the following table. It consists of 22 forms,
eleven of which lie in Cy(7), six of which come from making one insertion into a convergent 01
cell-form from Cy(6) (using £12 = {1m2} and L23 = {2m3}), and five of which come from
making two insertions into the unique convergent 01 cell-form from Cy(5) (which also uses L1 23 =
{lm2m3,2m13} and Lo34 = {2m3m4,3m24}).
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Co(7)

[07 17 t?a o0, t37 tla t4]
[Oa ]-7 t25 0, t4a tl) t3]
[07 17 t3a 0, tla t47 t2]

0,1,t1,t3,00 tg,t4
0 1 tl,tg,oo t4, 2
0,1,t2,t4,00,t1,t3
0,1,t3,t1,00,t0,t4
[0717t37t17007t47t2]

[ ]
[ ]
[ ]
[ ]

[0, 1,1, 4,22, 00, t3]
[Oa 1at27t47tla OO7t3]
[07 17t37t17t47 OO,tQ]

Ci(7)

[07 17t27 OO,tl,t?,IIIt4]
[05 ]-7 t3) o0, tl mt2a t4]

[0, 1,1, t4,00,tp mt3]
[07 17t2 I-Ht?n OO,tl,t4]

[0,1,¢1 mty, tg, 00, t3]
[07 ]-a t17 t3 H-It47 oo, t2]

Ca(T7)

[0, 1, tl, o, t3 m (tg, t4)}
[0, 1, tl, o0, t2 IHtg IHt4]

[0, 1,t1 HItg, OO,tg IIIt4]

[07 ]-7 t2 I (tb t3)7 o0, t4]
[O, 1, tl Hltg Ultg, oo, t4]

The standard multizeta forms can be decomposed into sums of insertion forms as follows:

dt1dtodtsdt
Ar16r20038% :[0’1’t1700’t2mt3mt4}
(1 — ty)tatsty
dtidtadtsdt
28T 10,1, 8 mty, 00, t3 m 4]
(1 — tl)(l — t2)t3t4
dt1dtadtsdty (4.6)
= 0717t17t37007t27t4 + 0,1,t1,t3,00,t4,t2+ '
(1 —t1)ta(1l —t3)ty [ I+ ]
[07 17 t3,t1,00,12, t4] + [07 17 t3,t1,00,14, t2]
dt1dtodtsdt
17720787 :[0,1,t1mt2mt3,00,t4]
(1 —t1)(1 —t2)(1 — t3)ta
In general, the standard multizeta form having factors (1 —¢;,),...,(1 —¢;.) (with iy = 1) and
tir,- .- tj, (with js =n) in the denominator is equal to the shuffle form:
[0,1,ti1m ---mtir,oo,tjlm---mtjs], (47)
so to decompose it into insertion forms it is simply necessary to decompose the shuffles ¢;, m - - - m?;,

and t;, m --- mt;, into linear combinations of Lyndon insertion shuffles.

Computer computation confirms that the space of periods on M7 is of dimension 1 and is
generated by ((2)2. Indeed, up to dihedral equivalence, there are six product maps on Mo,7, given
by

(0,t1,to,t3,t4,1,00) — (0,t1,t2,1,00) x (0,t3,t4,1,00)
(0,t1,t2,1,t3,t4,00) — (0,t1,t2,1,00) x (0,1, t3,%4,00)
(0,t1,t2,1,t3,00,1t4) — (0 t1,t2,1,00) X (0,1,t3,oo tg) (4.8)
(0,t1,t2,1,t3,00,t4) — (0,1, 1,t3,00) x (0,t2,1,00,14)
(0,t1,to,t3,1,t4,00) — (0,t1,t2,1,00) x (0,t3,1,14,00)
\(0, t17t27 17t37t4, ) (0, tl,].,tg, ) (07 t2717t4, )

Following the algorithm from section 2.3.4, we have six associated relations between the integrals of
the 22 cell-forms. Then, explicitly computing the dihedral action on the forms yields a further set
of linear equations, and it is a simple matter to solve the entire system of equations to recover the
1-dimensional solution. It also provides the value of each integral of an insertion form as a rational
multiple of any given one; for instance all the values can be computed as rational multiples of ¢(2)2.
In particular, we easily recover the usual identities

2 2 1 2 3 2 2 2

4(37 1) = C(27171) =
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4.4.3 The cases Mg and Mog There are 64 convergent 01 cell-forms in on My g, and the
dimension of H 5(93?878) is 144. The remaining 80 forms are obtained by Lyndon insertion shuffles
as follows:

— 44 forms obtained by making the four insertions (1 mta, t3, t4, t5), (t1,to mts, ty, ts), (t1,ta, tamiy, ts),
(t1,t2,t3,t4mts) into the eleven 01 cell-forms of My 7

— 12 forms obtained by the six insertion possibilities (¢; mto mts, ta,t5), (ta mtits, ta, t5), (t1, tomtsmiy,ts),
(tl, t3 1 t2t4, t5), (tl, t2, t3 I t4 1 t5), (751, t2, t4 juis t3t5) into the two 01 cell-forms of 93?076

— 6 forms obtained by the three insertion possibilities (tymto,t3mty,ts), (t1mta,ts, tgmts),
(t1,tomts, tymts) into the two 01 cell-forms of My 6

4 forms obtained by the four insertions (tl mitgmts, t4 1 t5), (tg mtits, t4 m t5), (tl mto, tg mrty m t5),
(t1mty, t4 mtgts) into the single 01 cell-form of My 5

— 14 forms obtained by the fourteen insertions (t1t3mtats,ts) (t3mtitata,ts) (titsmitomty,ts)
(titgmtymts, ts) (tatymty mts, ts) (tomty (t3mty), t5) (¢ mtgmtgmty, ts) (t1, tots mitsts) (t1, ty miatsts)
(tl, toty mts t5) (tl, totsmts mt4) (tl, t3ts mto m t4) (tl, t3 m tg(t4 mt5)) (tl, tomtsgmiy mt5) into
the single 01 cell-form of Mg 5.
The case of My g is too large to give explicitly. There are 461 convergent 01 cell-forms, and
dim H' (971879) = 1089. An interesting phenomenon occurs first in the case Mg 9; namely, this is the
first value of n for which convergent (but not 01) cell-forms do not generate the cohomology. The
1463 convergent cell-forms for 9 9 generate a subspace of dimension 1088.
For 5 < n <9, computer computations have confirmed the main conjecture, namely: for n <9,

the weight n — 3 part FCp—_3 of the formal cell-zeta algebra FC' is of dimension d,—3, where d,, is
given by the Zagier formula d,, = dp_o + dy,—3 with dy =1, d; =0, do = 1.

REFERENCES
1 V. I. Arnold: The cohomology ring of the coloured braid group, Mat. Zametki 5 (1969), 227-231;
Math Notes 5 (1969), 138-140.

2 J. Bergstrom, F. Brown: Inversion of series and the cohomology of the moduli spaces Dﬁg’n, to
appear in Clay Math. Inst. Proc., Motives, Quantum Field Theory, and Pseudodifferential Operators-
June 2-13, 2008.

3 F. C. S. Brown: Multiple zeta values and periods of moduli spaces ﬁom(R), Ann. Sci. Ecole Norm.
Sup., Sér. IV 42 (2009), 373-491.

4 P. Cartier: Fonctions polylogarithmes, nombres polyzétas et groupes pro-unipotents, Séminaire Bour-
baki, (2000-01), no. 885.

5 K. T. Chen: [terated path integrals, Bull. Amer. Math. Soc. 83, (1977), 831-879.

6 P. Deligne: Le groupe fondamental de la droite projective moins trois points, in ‘Galois groups over
Q’, Proc. Workshop, Berkeley /CA (1987), Publ. Math. Sci. Res. Inst. 16 (1989), 79-297.

7 P. Deligne, D. Mumford: The irreducibility of the space of curves of a given genus, Publ. Math.
THES 36, (1969), 75-109.

8 Deligne, P., Goncharov, A.B.: Groupes fondamentauz motiviques de Tate mizte, Ann. Sci. Ecole
Norm. Sup., Sér. IV 38, No. 1, (2005), 1-56.

9 S. Devadoss: Tesselations of moduli spaces and the mosaic operad, in Contemp. Math. 239 (1999),
91-114.

10 H. Gangl, A. B. Goncharov, A. Levin: Multiple polylogarithms, polygons, trees and algebraic
cycles, preprint (2005) arXiv:math.NT/0508066.

11 A. B. Goncharov: Multiple polylogarithms and mized Tate motives, preprint (2001),
arXiv:math.AG/0103059v4.

12 A. B. Goncharov: Periods and mized motives, arXiv:math.AG/0202154 (2001).

38



13

14
15

16

17

18

19
20
21
22
23

THE ALGEBRA OF CELL-ZETA VALUES

A. B. Goncharov, Y. I. Manin: Multiple (-motives and moduli spaces My ,, Compositio Math.
140 (2004), 1-14.

M. E. Hoffman: Quasi-shuffle products, J. Algebraic Combin. 11, 1 (2000), 49-68.

F. F. Knudsen: The projectivity of the moduli space of stable curves II. The stacks Mo,m Math.
Scand. 52 (1983), 163-199.

M. Kontsevich, D. Zagier: Periods, in Mathematics unlimited - 2001 and beyond, Ed. Engquist
and Schmidt, pp. 771-808, Springer, 2001.

D. E. Radford: A natural ring basis for shuffle algebra and an application to group schemes, Journal
of Algebra 58, (1979), 432-454.

C. Reutenauer: Free Lie Algebras, London Math. Soc. Mono. 7, Clarendon Press, Ox. Sci. Publ.,
(1993).

I. Soudeéres: Motivic double shuffle relations, preprint 2008.

P. Salvatore, R. Tauraso: The Operad Lie is Free, ArXiv:0802.3010v1, February 2008.

T. Terasoma: Mized Tate motives and multiple zeta values, Invent. Math. 149, No.2, 339-369 (2002).
T. Terasoma: Selberg integrals and multiple zeta values, Compositio Math. 133 (2002).

M. Waldschmidt: Valeurs zétas multiples : une introduction, J. Théorie des Nombres de Bordeaux
12 (2002), 581-595.

Francis Brown brown®math.jussieu.fr

CNRS and IMJ, 175 rue du Chevaleret, 75013 Paris FRANCE

Sarah Carr sarah@math.jussieu.fr
Mathématiques Bat. 425, Université Paris-Sud, 91405 Orsay Cedex FRANCE

Leila Schneps leila@math.jussieu.fr
CNRS and IMJ, 175 rue du Chevaleret, 75013 Paris FRANCE

39



