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1. Introduction

1.1. Summary

A folklore conjecture states that the values of the Riemann zeta function at
odd integers ¢(3), {(5), ... and 7 are algebraically independent over Q. Very little
is known about this conjecture, except for the following remarkable facts:

1. That 7 is transcendental, proved by Lindemann in 1882.
2. That ((3) is irrational, proved by Apéry in 1978.
3. That the Q-vector space spanned by the odd zeta values {(3), {(5), . .. is infinite

dimensional (proved by Ball and Rivoal [4, 34]).
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4. That at least one amongst ((5), {(7), €(9), ¢(11) is irrational (Zudilin [41]).
The irrationality of ¢(5), or {(3)/m*, are open problems. All of the above results
can be proved by constructing small linear forms in zeta values using elementary
integrals. Quantitive results, such as bounds on the irrationality measures of {(2)
and ¢(3) [32, 33], and bounds on the transcendence measure of > [37], can also
be obtained by similar methods.

The starting point for this paper is the observation that the integrals in all these
proofs are equivalent, after a suitable change of variables, to period integrals on the
moduli space M, ,, of curves of genus zero with n marked points. Conversely, we
know by [7], or [24] together with [9], that all period integrals on M, are linear
forms in multiple zeta values. This provides a huge family of potential candidates
for generalising the above results. Unfortunately, the typical period integral involves
all multiple zeta values up to weight n — 3 and is ill-adapted for an irrationality
proof. In this paper, we describe a narrower class of period integrals on M, ,,, based
on a variant of the classical dinner table problem [3, 31], in which certain multiple
zeta values vanish. We show that this restricted family of integrals has some special
properties, and reproduces most, and possibly all, the results alluded to in the first
paragraph.

1.2. Structure of irrationality proofs

The basis for the above results is the construction of small linear forms in zeta
values. More generally, suppose that we have:

1. For all n > 0, a non-zero (Q-linear combination
In :(I(nl)cl +...+a£lk)Ck 5

where ag) € Q, and (4, ..., (; are fixed multiple zeta values.

2. A bound on the linear forms I,. For example, they satisfy an inequality
0< || <&

for all n > 0, where € is a small positive real number.
3. Some control on the coefficients ay). At its most basic, this is simply a bound

on the denominators of aﬁ{“) as a function of n. This is often a function of

d, =lem{l,...,n}
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The prime number theorem implies that lim d}/n =

n—oo

€.

Only in very specific cases, when the bounds (3) on the coefficients are favourable
compared to the constant ¢ in (2), can one deduce irrationality results. For Apéry’s
theorem, k = 2 and one constructs linear forms I, = a,{(3) + b,, for example, as
integrals (9.58). In this case, a bound on the denominators of a,, b, suffices: we
have

e=(W2-1)7* and an €7, db,€Z

and the inequality

e =0591...<1

is enough to deduce the irrationality of {(3). For Ball and Rivoal’s theorem, one
constructs linear forms in odd zeta values {(2m + 1) and applies a criterion due
to Nesterenko [27] which depends on the size of both the denominators and the
numerators of the coefficients ag-i) to deduce a lower bound for dimg((i, . .. , {k)o 1),

Unfortunately, there are very few cases where this works, which motivates
trying to reach a better understanding of the general principles involved. We refer to

Fischler’s Bourbaki talk for an excellent survey of known results [20].

1.3. Periods of moduli spaces M,

A large supply of linear forms satisfying (1) — (3) comes from period integrals
on moduli spaces. Let n > 3 and let M, , denote the moduli space of curves
of genus zero with n ordered marked points. It is isomorphic to the complement in
affine space Af, where £ = n — 3, of a hyperplane configuration

Mop ={(tr, ..., ts) € A" i t; # bt #0,1} .
A connected component of M, ,(RR) is given by the simplex

Sp={(t1,....t) eR :0<t; <...<ty<1}.

Y Condition (2) must be slightly modified: one can assume by clearing denominators that I, has
integer coefficients, and one needs to know that |In|1/ " has a small positive limit as n — 0.
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Examples of period integrals on M, , can be expressed as
/Ht‘“ t) (t; — ;)% dt, ... dt, (1.1)

for suitable a;, bj, c;; € Z such that the integral converges. For such a family
of integrals, the first property (1) is guaranteed by the following theorem:

THEOREM 1.1. The periods of moduli spaces M, are Q|2mi|- linear combinations
of multiple zeta values of total weight < £.

A general recipe for constructing linear forms in multiple zeta values is to consider

a family of convergent integrals

I;,(N) = / Nuw (1.2)

where w € QY(M,,; Q) is a regular £-form, and f € Q°(M,,; Q). If, furthermore,
one imposes that the rational function f has zeros along the boundary? of S,,,
then the integrals I, will typically be small, and condition (2) will hold as well,
for some small . The proof of theorem 1.1 given in [7] is effective and should in
principle yielc(l )explicit bounds on the denominators (and numerators) of the rational
7

coefficients a; asa function of the order of the poles of the integrand. Furthermore,

PROPOSITION 1.2. All diophantine constructions mentioned above (with the possible
exception of Zudilin’s theorem (4)) can be expressed as integrals of the type (1.2).

The proof of this proposition uses results due to Fischler to convert the integrals
listed in Appendix 1 into a form equivalent to (1.2). Nonetheless, finding good linear
forms in zeta values amongst the integrals (1.2) is significantly harder than finding
a needle in a haystack. For example, the general integral yielding linear forms in
multiple zeta values of weight at most 5 (of interest, if one seeks linear forms in 1
and ((5)) depends on 20 independent parameters, which is hopelessly large.

2 or more precisely, the boundary of the inverse image of S,, in the Deligne—Mumford— Knudsen

compactification My, of Moy,
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1.4. Vanishing of coefficients

Examples such as (1.2) provide an enormous supply of candidates Iy for
irrationality proofs. The problem with this approach is that the linear forms Iy
involved are rather weak, and only enable one to deduce linear independence
of a small fraction of the numbers (;. Furthermore, the generic integral (1.1)
contains all multiple zeta values of weight up to and including £. Thus, the presence
of terms such as ((2n), for example, for which one already knows the linear
independence by Lindemann’s theorem, blocks any further progress.

One therefore requires, in addition to (1) — (3) above:

(@)

4. Vanishing theorems for some of the coefficients a;’.

This is already clear in the case of Apéry’s proof for {(3). Indeed, the generic
period integral on M, ¢ gives rise to linear forms in 1, {(2) and {(3), and a naive
attempt at constructing linear forms Iy only gives back a proof that one of the two
numbers ((2) and ((3) is irrational. The entire difficulty is thus to find integrals Iy
for which the coefficient of {(2) vanishes (without destroying properties (1) — (3)).
The key insight of Ball and Rivoal’s proof, likewise, is the use of (very) well-poised
hypergeometric series to construct linear forms in odd zeta values, and odd zeta
values only.

The vanishing problem (4) can be rephrased in terms of algebraic geometry,
and more precisely, the cohomology of moduli spaces. In principle, this part of the
problem is purely combinatorial. An integral of the form (1.2) can be expressed as
a period of a certain relative cohomology group first introduced in [24]

m(A’ B) = HK(HO,n\A’ B\(B n A))

where A, B are boundary divisors on the Deligne—Mumford—Knudsen compacti-
fication mo,n. The divisor A is determined from the singularities of the integrand,
and B contains the boundary of the closure of the domain of integration. It was
shown in [24] that m(A, B) is a mixed Tate motive over Z (which, by [9], gives
another proof that its periods are multiple zeta values). Its de Rham realisation
m(A, B)4g is a finite-dimensional Q-vector space graded in even degrees, and
a naive observation (theorem 11.2) is that

(@)

grzwkm(A, B)ar =0 = vanishing of coefficients a;” in weight k .
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This gives a sufficient condition for all multiple zeta values of weight k to disappear .
The dimensions of the graded weight pieces grg[,’cm(A, B)4r can be computed from
the data of the divisors A, B, and so reduces to a (rather tricky) combinatorial
problem. I expect that the recent work of Dupont [16, 17] may shed light on how
to understand the vanishing problem (4) from this viewpoint.

As a final remark, an irreducible boundary divisor D occurs in A if and only if
a certain linear form £p in the exponents a;, b;, c;; of the integrand (1.1) is negative.
Thus the flow of information goes as follows:

linear inequalities £p < 0 in the exponents of (1.1)
— vanishing of certain components grzwkm(A, B)ir

— vanishing of coefficients a;.i) (1.3)
The challenge is to make this philosophy work, or failing that, to show that one
cannot construct moduli space motives m(A, B) with arbitrary vanishing properties.
Motivated by (1.3), I was only able to find a general method to force the coefficients
of sub-maximal weight 2£ — 2 to vanish (corresponding to MZV’s of weight £ — 1),
via the following construction.

1.5. A variant of the dinner table problem [3]

Suppose that we have n guests for dinner, sitting at a round table. Since it
could be boring to talk to the same person for the whole duration of the meal,
the guests should be permuted after the main course in such a way that no-one is
sitting next to someone they previously sat next to. We can represent the new seating
arrangement (non-uniquely) by a permutation o on {1,...,n}, which we write
as (o(1),...,0(n)). The number of dinner table arrangements was first computed
by Poulet in 1919 [31].

We need the following variant. Let 6° denote the standard circular arrangement
on {l,...,n} given by the integers modulo n (the initial seating plan), and let o
be any permutation on {1,...,n} (the new seating plan). Call a permutation o
convergent if no set of k elements in {1,...,n} are simultaneously consecutive

) It is not a necessary condition: there could be more subtle reasons for the vanishing of coefficients
ag-z). For example, the action of a group of symmetries on the m(A, B)4g together with representation-

theoretic arguments might give more powerful vanishing criteria.
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Fig. 1. The first solution for the classical dinner table problem is for n = 5, and is unique
up to symmetries. On the left is the original seating plan of guests; on the right, the
new arrangement after applying a permutation ¢. No two neighbours are consecutive

for 8° and 06, for all 2 < k < n — 2. For n < 7 this is equivalent to the classical
dinner table problem but for n > 8 this imposes a genuinely new condition. The
figure below illustrates a seating arrangement o = (2,4, 1, 3,6, 8,5,7) which is
a solution to the classical dinner table problem but fails our condition for k = 4.

o 9 0

® O
® o O

Fig. 2. An arrangement of 8 guests which is not convergent: the guests 1,2, 3,4 (and
5,6,7,8) are consecutive for both §° and &§°

Now, given a permutation o we associate a rational function and regular n-form

dz ...dz,
HieZ/nZ(zU(i) = Zo(i+1))

A | . A R

iczinz (Fol) = Zotitn)

on the space C" = {(z1, ..., 2,) € (P')" : z; # z;} of configurations of n distinct
points in P'. They are defined up to an overall sign, which plays almost no role and
shall be ignored. They are both PGL,-invariant. The former descends to a rational
function f; on M, = PGL,\C", the latter, after dividing by an invariant volume
form on PGL,, descends to a regular £-form w, on M.
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Define the basic cellular integral to be

IU(N):/fzzfvwo (14)

It converges if and only if ¢ is a convergent permutation, as defined above. This
integral can be written in the form (1.1) by substituting (0, ¢, ..., 1,00) for
(21, - -, 2,) and formally omitting dz,dz, dz, and all factors equal to oco.

Clearly, the definition of the forms fg,ag, and hence f,,w, only depend
on the dihedral ordering defined by the permutation o. Furthermore, the domain
of integration in the integrals (1.4) admits a second dihedral symmetry of order
2n, and these two dihedral symmetry groups define an equivalence relation on the
set of permutations . Two equivalent permutations give rise to the same family
of integrals, and we call the equivalence class a configuration. A list of convergent
configurations for small n is given in Appendix 2, together with the corresponding
basic cellular integrals. As mentioned above, the basic cellular integrals reproduce
Apéry’s theorems for ¢(2) and ¢(3) and a one-dimensional subfamily of the (two-
parameter family) of linear forms in odd zeta values used in the proof of Ball and
Rivoal.

A generalisation of this construction involves replacing ff} with

—~ (zi — zi+l)ai,i+l

fa(a’ b) = boi).oit1)

i€Z/NZ (ZO'(i) - Zo(i-i-l))
where ;41 and b,(;) (i+1) are integers satisfying
Qs;—1,0 + Ag;0i4+1 = thz‘—lJi + bUi,0i+1

for all indices ¢ modulo Z/nZ. It descends again to a rational function f,(a, b) on
M, and we define an n-parameter family of integrals

L(a,b) = [ f,(a bw, (1.5)
/

It converges under some linear conditions on the indices a, b, and specialises to
the basic cellular integrals if one sets all parameters equal to n. For n = 5,6,



110 Francis Brown (Oxford) [226

this family of integrals reproduces precisely Rhin and Viola’s integrals for {(2)
and ((3), and hence gives the best irrationality measures for these numbers which
are presently known 4). For other convergent configurations, it gives m-parameter
generalisations of the Ball—Rivoal linear forms, and many new families which
remain to be explored.

1.6. Contents

Section 2 consists of reminders on moduli spaces M, ,, and basic facts about
their geometry. Section 3 defines dinner table configurations, and establishes conver-
gence properties for the corresponding cellular integrals. In section 4 we show that
the basic cellular integrals satisfy recurrence relations and study the effect of duality
upon them. Section 5 is concerned with properties of general cellular integrals, and
section 6 studies a certain multiplicative structure on cellular integrals coming from
functorial maps between moduli spaces. In section 7, it is shown that a very specific
family of configurations, after an appropriate change of variables, gives back the
linear forms in odd zeta values discovered by Ball and Rivoal. Section 8 discusses
the vanishing problem (4) from the cohomological point of view and some more
subtle structures, such as Poincaré-Verdier duality, which are not obviously apparent
from an inspection of integrals.

For the convenience of the reader, appendix 1 gives a list of existing integrals
from the literature which have led to the main diophantine results for zeta values.
They nearly all arise as special cases of generalised cellular integrals. Appendix 2
tabulates some examples of basic cellular integrals in low degrees. Finally, appendix 3
is devoted to a somewhat technical computation of the motives underlying Apery’s
proofs of the irrationality of {(2) and {(3).

1.7. Outlook and related work

Whether the ideas in this paper lead to new diophantine applications remains to
be seen. Insofar as it contains the linear forms of [4], [32], [33] as special cases, it is
fair to expect that it could lead to an improvement in quantitative diophantine results.
The methods described here also lead to new approximations to single odd zeta values
such as ((5) (§7.1) but it is unclear if they could lead to an irrationality proof.
Much more optimistically still, one might hope to prove the transcendence of ¢(3)
by optimizing our polynomial forms in {(3) along the lines of [37]. Finally, it would

4 The record for ¢ (2) has recently been broken by Zudilin [43].
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be interesting to combine the geometric methods of this paper with the conditions
on numerators studied in [13, 14, 21, 39] to obtain linear forms in antisymmetric
multiple zeta values with odd arguments. There are connections with disparate
subjects such as the theory of hypergeometric functions on the one hand, and
operads [1] on the other, which remain to be explored. It would also be interesting
to compare our method with the quantum cohomology computations of [22,23]. The
motives m(A, B) considered in this paper are often larger than necessary to contain
a specific family of integrals as their periods — there can be superfluous divisors which
play no role, and this makes the cohomology calculations unnecessarily difficult.
Recently, Dupont has constructed a minimal motive for Ball and Rivoal’s well-
poised hypergeometric integrals, and completely computed their cohomology [18].
This gives a geometric interpretation of the vanishing of the even zeta values in these
integrals.

2. Moduli spaces M, ,: geometry and periods

2.1. Coordinates

Let n > 3, and let S denote a set with n elements. Let 9%, ¢ denote the
moduli space of Riemann spheres with n points labelled with elements of S. If
(Pl)f denotes the space of n-tuples of distinct points z, € P!, for s € S, then

My s = PGL\(P')?

where PGL, is the group of automorphisms of P! acting diagonally by Mdbius
transformations. Throughout this paper, we shall set

L=n-3. (2.6)

When S = {si, ..., s,}, we often write ¢ instead of s;, and M, instead of M, g.

Since the action of PGL, on P! is triply transitive, we can place the coordinates z,

at 0, z, 1 at 1, and z, at oo (note that this convention differs slightly from [7]).
We define simplicial coordinates t,, ... ,t; on M, to be:

t1222,...,tg:Z(+1 . (27)



112 Francis Brown (Oxford) [228

The above argument shows that M, ,, is isomorphic to the complement of a hyper-
plane arrangement in affine space A¢ of dimension £:

Mo & {(tr, ... t) € A" t; ¢ {0,1}, t; £t forall i+ j}. (2.8)
Cubical coordinates x,, ..., xy are defined by
ti=x1...2p, bh=xp...2p, ... , tp =2y . (2.9)

We can also identify M, , with a complement of hyperbolae:
Mon Z{(xy, ..., z) €A s 2 ¢ {0,1}, @;...x;# 1 foralli <j}. (2.10)

2.2. Compactification

There is a smooth projective compactification M g C MO,S defined by Deligne,
Mumford and Knudsen [26] such that the complement Mg s\ M, is a simple
normal crossing divisor. A boundary divisor D is a union of irreducible components
of Mo,s\Mo,s. We shall only require the following basic facts.

1. The irreducible boundary divisors are in one-to-one correspondence with stable

partitions S = S} U S,, where |S[,|S;] > 2 and S; NS, = &. They can be
denoted by Dg, s, or simply Dg, (or Dg,) when S is clear from the context.

2. There is a canonical isomorphism
D51|Sz = MO,Sluz X MO,SZUz

which can be pictured as a bouquet of two spheres joined at a point x, with
the points S; lying in one of these spheres, the points S, on the other.

3. Given two distinct stable partitions §;|S; and T}|T, of S, the divisors Dg,g,
and Dr, 1, have non-empty intersection if and only if

SiCTyand T; C S; for some {i, j} = {k, 1} = {1,2} .

By taking repeated intersections of boundary divisors one obtains a stratification on
M),S by closed subschemes. The irreducible strata of codimension k are indexed
by trees with k internal edges and |S| leaves labelled by every element of S. The
large stratum ./\_/lo,s is indexed by a corolla with no internal edges, and divisors
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Dg,|s, by two corollas with leaves labelled by S; and S, respectively, joined along
a single internal edge. The inclusion of strata corresponds to contracting internal
edges on trees.

2.3. Real components and dihedral structures

The set of real points My g(R) is isomorphic to the space of configurations
of |S| distinct points on P'(R). Therefore the set of connected components is in
one-to-one correspondence

mo(Mos(R)) <+«  {Dihedral structures on S} .

A dihedral structure § on S is an equivalence class of cyclic orderings on S, where
a cyclic ordering is equivalent to its reversed ordering. If S = {1, ..., n}, we denote
the standard dihedral ordering | < 2 < ... < n < 1 by 6°. In simplicial coordinates,
the corresponding connected component is the open simplex

Sp ={(t1,....t)eR" 1 0<t;<...<t;<1}.

We say that an irreducible boundary divisor D of Mg is at finite distance with
respect to a dihedral structure & if D(C) meets the closure of Sy in My g(C) in
the analytic topology. Equivalently, D = Dygs, is at finite distance if and only if
the elements of S, and S, are consecutive with respect to §. Let d; denote the set
of irreducible divisors at finite distance with respect to 8. If one depicts a dihedral
structure & as a set of points S around a circle (up to reversing its orientation),
then the set of divisors at finite distance correspond to chords in the circle which
separate S into the two subsets S; and S,. All remaining irreducible boundary
divisors are said to be at infinite distance with respect to §. Let d,, denote the set
of irreducible divisors at infinite distance with respect to 9.

EXAMPLE 2.1. On M, 4, 5? = {D{l,z}\{3,4} , D{2,3}|{1,4}} and 6%, = {D{1,3}|{2,4}}.

2.4. Periods

We shall consider periods of M, s of the form

I:/w (2.11)

Ss
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where w € Q4( My s; Q) is a global regular £-form on M_g. Such an integral can
be written as a Q-linear combination of integrals (1.1). It converges if and only if
the order of vanishing along all divisors D at finite distance with respect to ¢ is
non-negative:

vp(w) >0 for all D € dy. (2.12)

The singular locus of w is defined to be the set of irreducible divisors (necessarily
boundary divisors) along which w has a pole:

Sing(w) = {D irred. s.t. vp(w) < 0}

Then condition (2.12) is equivalent to Sing(w) C du.
The set of permutations o of S which preserve a dihedral structure ¢ is
isomorphic to the dihedral group Dy on 2|S| elements. We have

/w :/a*(w) for all 0 € D; . (2.13)
Ss Ss

Remark 2.2. It is sometimes convenient to write period integrals on Mg in terms
of the dihedral ‘coordinates’ u. indexed by chords in an |S|-gon, which were defined
in [7]. The convergence condition (2.12) and symmetry (2.13) are obvious in these
coordinates.

Let S ={1,...,n}. In cubical coordinates, the domain Sz is isomorphic to
the unit hypercube [0, l]e, and a general period integral (2.11) can be written in
the form

P(zy,...,xy)

i<icjce(l =i zj)%

dz; ...dz, (2.14)

0,1}

where ¢;; € Z and P is a polynomial with rational coefficients. All examples in
Appendix 1 are either of this form, or equivalent to it by a change of variables.

2.5. Denominators

The algorithm of [7] for computing integrals (1.1) by taking primitives in a bar
complex is effective, and should lead to bounds on the denominators. The basic
observation is that a differential form P(z)dx where P(x) € Z|z] is a polynomial
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of degree n — 1, has a primitive

/P(x) dx € dLZ[x]

n

where d,, = lem(l, 2, ...,n). The denominator is thus bounded by d,,, where n
is the order of the pole at infinity. An analysis of the steps in [7], working with Z
coefficients, should lead to effective bounds on the denominators of the coefficients
of the linear forms §1.2 in terms of the orders of the poles at infinity of the integrand.

3. Configurations and cellular integrals
3.1. Convergent configurations

DEfiNITION 3.1. A configuration on a finite set S is an equivalence class |9, 8'| of pairs
(0, ") of dihedral structures on S modulo the equivalence relations

(6,8 ~ (06,08 foro € %(S) . (3.15)
A pair of dihedral structures (8, ') is convergent if it satisfies (see §2.3)
N =0. (3.16)

A configuration is convergent if it has a convergent representative (9, 9').

Let Cg denote the set of convergent configurations on S. We can view convergent
configurations as pairs of connected components of M (R) up to automorphisms

Cs =  S(H\(m(Mos(R)) x mo(Mos(R))) (3.17)
DEfiNITION 3.2. The dual of a pair of dihedral structures (8, &') is
(6,8) = (4',9) .

1t is well-defined on configurations, and defines an involution V : Cg — Cg.

In order to write down convergent configurations, it is convenient to identi-
fy S with {1,...,n}. A pair of dihedral structures (4, ') is equivalent to (6°, 76°)
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where 4° is the standard dihedral ordering, where o € ¥(n) is a permutation on n let-
ters. Define an equivalence relation o ~ ¢’ on permutations if (6°, ¢6°) ~ (8°, o’8?),
and denote the equivalence classes by [o]. The condition (3.16) is equivalent to
the condition that no set of k consecutive elements (where the indices are taken
modulo n)

{0i> o-i—‘rl’ LIRS Ui+k}

is itself a set of consecutive integers modulo n, for all 2 < k < n — 2. It does not
depend on the choice of representative for [o].

The above equivalence relation on permutations can be spelt out as follows.
Consider the space of double cosets of bijections

Dy, \Bij({1,...,n},{1,...,n})/Dy,

where the dihedral groups act on the source and target respectively as symme-
tries of 6°. A double coset is represented by an equivalence class of permutations
(o1,...,0,), where o € ¥(n), modulo the group generated by cyclic rotations

(O1,...y00) ~ (02, ..., 00, 07)

(O1,.ey0p) ~ (o1 +1,...,0,+ 1)
where the entries are taken modulo n in the second line, and the reflections

(O1,.ey00) ~ (Opy ..., 01)

(C1,...,0n)~(n+1—0p,....,n+1-0y,)

Given such a class of permutations o, the pair of dihedral structures (6°, 0d°)
is well-defined modulo the relations (3.15). This establishes a bijection between
configurations and equivalence classes of permutations. The dual of the configuration
corresponding to [o] is the configuration represented by the inverse permutation

[e]Y =[o71].
3.2. Cellular forms

To any dihedral structure § we associate the connected component S5 of M s(R).
This will serve as a domain of integration. We can also associate a regular £-form as
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follows. Let

~ dz;
G=% [[ ——— e (@0,
i€Z/nz Z5(i) 25(i+1)

where the indices are taken modulo n. Clearly ws is homogeneous of degree zero
and is easily verified to be PGL,-invariant. Furthermore o*ws; = +w,s for any
o € %(S), which acts on (P')? by permuting the components. Let

[ (Pl)f — Mo,s

be the natural map obtained by quotienting by PGL,. We can divide @ by a rational
invariant volume form v on PGL, to obtain a differential form [12]

ws € Q' (Mos; Q) .

It satisfies 7*(ws) A v = Wy for any local trivialisation of «. If we normalise v so that
ws = 1, whenever |S| = 3, then w; is unique up to a sign for all 4. It follows that

0'ws = tw, forall o€ X(S) . (3.18)

Remark 3.3. [f is possible to fix all the signs by considering cyclic structures instead
of dihedral structures, as was done in [12]. The sign plays no role for us.

LEMMA 3.4. The form ws has a simple pole along every irreducible boundary divisor
at finite distance with respect to §, and no other poles. In other words,

Sing(ws) = &7 .

PROOF. This is proposition 2.7 in [12]. O

When S = {1, ..., n}, the form ws can be written explicitly in simplicial coordinates
as follows. We can assume by dihedral symmetry that §(n) = n, in which case

dt;...dt,
1227ty — torn)

ws ==

where we write t) = 0 and ¢,_; = 1.
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3.3. Basic cellular integrals

Given a pair of dihedral structures (d,d’) consider the rational function on
(P')% defined as follows:

25(i) — 28(i+1) 0 ] *
=4 —— € Q ;Q) .
foe = H ) — 28000 (P)s; Q)

It is PGL,-invariant. It therefore descends to a rational function

+f55 € QO(MO,S;@)-

Duality corresponds to inversion:

fo5 = i(fzs'/a)_l , (3.19)

and furthermore,
fop ws = Twg (3.20)

DEfiNITION 3.5. For all N > 0, and any pair of dihedral structures (6, 8') define the
JSamily of basic cellular integrals fo be

L5 (N) = ‘ / (frw) " we (3.21)
Ss

It may or may not be finite.

The numbers I;/5(0) are essentially the cell-zeta values studied in [12].

LEMMA 3.6.  The integral I5;5(N) is finite if and only if (0, 8") satisfy 65N & =
PRrROOF. See §3.4. U

Since S5, wy, and f55 are X(S)-equivariant (up to orientation and sign) we have
Ig/y(N) = Ug/agr(N) for all o € Z(S) .
In particular, we obtain a well-defined map

Cs x N — R

([6,8'], N) — Iss(N) .
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Remark 3.7. Let § be a dihedral structure with 6(n) = n. Then the function f5,,5 can
be written explicitly in simplicial coordinates

ti(ty — 1) - (te — te—1)(1 — tp)
1227 to)-s6)

fos =%
where ty = 0 and t,,_y = 1. In particular, it has no zeros or poles on the open standard
simplex Sy, and is therefore either positive or negative definite on Sy.

Notice that, in the case when (d, §') is convergent, we have
N
sy (N) < (rtn%x | f3/5(8)]) " Lss(0) . (3.22)
€3¢

One can write f5y as a product of dihedral coordinates [6], [7] which take values
in [0, 1] on S;. This immediately implies that the maximum of |fs5(t)| on S, is
strictly less than 1. One can certainly obtain much sharper bounds.

When o € ¥(n) is a permutation, we shall sometimes write

fo for fp,p and  w, for wyge .

3.4. Proof of convergence

We wish to compute the order of vanishing of f;/5 along an irreducible boundary
divisor D of M, g. For this, define

Ip(i, §) = = (I({i, 5} C 81) + 1({3, j} C S2))

| =

for any ¢, 7 € § and where D corresponds to the stable partition S; U S, of S. The
symbol I on the right-hand side denotes the indicator function: I(A C B) is 1 if A
is a subset of B, and 0 otherwise. In [7], Corollary 2.36, it was shown that

(2i — 2j) (2 — 21)
(zi — z) (2 — 21)

ordp :HD(’L,]) —|—]ID(k, l) —HD(’i, k) —HD(j, l)

where the cross-ratio on the left is viewed in Q°(M,s; Q). If we define

Ip(o) = Z Ip({o(i),c(i+1)}) € %N ,

1€Z/nZ
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then it follows from the definition of f5/y that
ordp fs/5 = Ip(6) — Ip(d') . (3.23)

LEMMA 3.8. Let o be a dihedral ordering on S. Then Ip(o) < 5 — 1 with equality if
and only if D € oy, i.e., D is at finite distance with respect fo o.

PrROOE. Let D = Dg,g,. Since S} C {1, ..., n}, thesum > I({o(i),0(i+1)}CS))

(2
is bounded above by |S;| — 1 and attains the maximum if and only if the elements
of S are consecutive with respect to o. Likewise for > I({c (i), o0(i + 1)} C S,).

1

Therefore Ip(0o) < %(|Sl| +18,| =2) = 5 — 1 with equality if and only if D € ;.0

COROLLARY 3.9. Let 6, 8" be two dihedral structures. Then
ordp fs/5 > 0 forall D € 5 = (Sfﬂé'fzg

PROOF. Let D € 5. By the previous lemma

ordp(fy/) = Ip(8) — Ip(&) = g - Tp(d) (3.24)

which is strictly positive if and only if D ¢ 5’f. O

We can now prove Lemma 3.6. Let 4, &' be two dihedral structures. Then by (2.12),
the integral (3.21) converges if and only if

ordp(fygws) > 0 for all D € &; . (3.25)

Now, if §; N, = @, then Lemma 3.4 implies that ordp(wy) = 0, and the previous
corollary implies that ordD(fgé,) > N forall D € 6¢. Therefore (3.25) holds. On the
other hand, if D € 67N ¢ then ordp(wy) = —1 by Lemma 3.4 and ordD(fé\/fé,) <0
by (3.24). Therefore (3.25) fails for this divisor D.

Remark 3.10. The above argument shows that when the integral I5s5(N) converges,
its integrand vanishes to order at least N along every boundary component of the
compactification of the domain of integration: ordp( fé\/fé,w(y) > N forall D € 05 which
explains why it decays rapidly as N — 0.

The following lemma (which implies Lemma 3.4) is stated here for later use.
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LEMMA 3.11. For any dihedral structure o and irreducible boundary divisor D

ordp(w,) = E_Tl —Ip(o) . (3.26)

PROOF. See [12] equation (2.7). O

4. Picard—Fuchs equations

The family of basic cellular integrals satisfy interesting recurrence relations. We
briefly sketch their properties. Let (8, ') be any convergent configuration and fix
signs of fs/5, ws throughout this section. Define the generating series

Fys(t)=>_ / fiypt" wy = / weye (t)

N>0S

where
1
1-tf. 6/5’

The series Fy5(t) converges for ¢ < 1 by (3.22) and the remarks which follow.

weyp (t) =

Define a hypersurface in M, g x A by the vanishing locus of the following equation
Hys @ 1—tfss =0.

Let Hg/gr denote its Zariski closure in ﬂo’s x A'. It is well-known how to construct,
over some open U C A! defined over Q containing 0, an algebraic vector bundle

Hish = Hin(Mos\(Hss U As), As\(Hsw U Az) N A5))/U)

where A, denotes the boundary divisor |J DeSing(w,) D for any dihedral structure o,
equipped with an integrable Gauss—Manin connection

V' Hin — Qo @0y Hilk -

Its analytic vector bundle corresponds to a complex local system ’Hrgl. It is the sheaf
whose stalks at ¢t € U(C) are the relative singular cohomology groups

(H5): = Ha(Mos\(Hs (t) U As), As\(Hys(t) U Ay) N A5)) @ C - (4.27)
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where F(W (t) denotes the fiber of FLW over the point ¢t. Here, and later on in this
section, H5(X,Y) denotes H*(X(C), Y(C)), for X,Y defined over Q.

The differential form wsy(t) is defined over Q and has singularities in
rel

Hg/y U Ay, so defines a section w} % Of H'5y. There is a polynomial Dge/lé, € Q[t, 6],
such that

Dy (Wi (1)) =0
where 0; stands for Vra%t. Finally, since the boundary of the closure of the real
simplex S; is contained in Az(C), its relative homology class defines a locally

constant section of (HS')" near ¢t = 0, and we obtain the homogeneous Picard—
Fuchs equation:

1 1
D (Fyys (2) / Dgjs (wgye (t)) = 0 .

This equation is equivalent to a recurrence relation on the coefficients of Fi/s (t).

4.1. Duality

The effect of duality is not yet visible due to the asymmetric roles played by &
and ¢'. To remedy this, consider, as above, the algebraic vector bundle (perhaps
after making U smaller) denoted by

Har = Hap(Mos\(Hyz U Ay U A;))/U)

equipped with the Gauss—Manin connection V. Its complex local system 7 has
stalks

(Hp): = Hz(Mo s\(Hy/ (t) U Ay U 45)) @ C

at t € U. As before, the class of wg/g(t) defines a section wsy of Hgyg, which is
annihilated by an operator we denote by D;/y € Q[t, 8;] (with no superscript).

LEMMA 4.1. Let (8, 8") be convergent. For all t € A', H(W(t) NA; =0
Proor. By Corollary 3.9, f5/s vanishes along any irreducible component D of A;. O]

There is a natural map (K53, V™) — (H4z, V) which sends wge/lé, to wyyy -
There is a corresponding map on local systems Hgl — Hp. Let t € U and consider
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the sets
Uy = Mos\As DA =0
Uy = Mo s\(Hsse (t) U Ag) D Ay = As\(Ag N As)

in ﬂo,g. The second D follows from the previous lemma, which also gives

Ui VU, = Mo s\(4s N Ay) » AlUA, = 4
UnUy = Mos\(Hys(t) UA; UAg) D ANA =0

A relative Mayer— Vietoris sequence gives

— He(U, UUs, AU Ay)) — Hy(Uy, A) @ Hy(Us, A,) “ Hy(U Ny, A; N Ay) —

The natural morphism HS' — Hp corresponds on stalks to the map (x), restricted
to the second component in the middle. Its kernel has stalks at ¢ € U the image of

ker (.Hé(U] U Uz, Al U AQ) — Hé(Ul, A]))

in Hé(Uz, A,). This has no dependence on ¢, and is therefore constant. Thus the
rel,an

kernel of the morphism (H;z"", V™) — (H%:, V) of vector bundles on U™ has
the trivial connection. It follows that D(;/nge/ld, is a section of Off for some m.
By clearing denominators, we obtain an inhomogenous Picard—Fuchs equation
of the form

D5/§IF5/5/(t) == P(;/y(t) (428)

where Pj/y(t) € C[t]. The duality is finally visible for the operator Ds/5 because
on the open set ﬂo,s\(ﬁ(g/y (t) U Ay U As), we have the identity

tws/s (t) = Tws s (t_ ! )

which follows from equation (3.20), and relates D/ and Dy 5. If we write (4.28)
as a recurrence relation between the coefficients of Fj/s in the form

Po(R)un + ... + pr(n)tnir =0 (4.29)
where p; € Q[t], then the corresponding recurrence relation for Fy ; is its dual:

PO (M)t + - ..+ PE (M) g = 0 (4.30)
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where (after possibly multiplying p! by (—1)* owing to sign ambiguities),
Pl (t) = pp_i(—k — 1 —1t) forall 0 <i<k.

In particular, if a convergent configuration [d, §'] is self-dual, then the coefficients
of the generating series Fy, (t) satisfy a recurrence relation (4.29) whose coefficients
satisfy p;(t) = Apg_i(—k— 1 —1t) forall 0 < i <k, and some A € Q.

Remark 4.2. The multiplicative structures on cellular integrals §6 implies that for certain
convergent configurations |8y, 8| and |0,, 8|, there exists a convergent configuration
la, o] such that Fyq(t) is the Hadamard product of Fy, s (t) and Fy,5,(t).

5. Generalised cellular integrals

5.1. Definition

Let n = |S| > 5 and let 4, ¢ be a pair of dihedral structures on S. Define
a rational function on (P')% by the following formula:

f‘W a,b) = H byt 5t

i€Z/nZ, (25' - Z6§+1) Raaa

)a5i,5i+1

(5.31)

where the indices 7 are taken cyclically in Z/nZ and a = (as,5,,,), b = (b5;,5;+1)
are integers satisfying the homogeneity equations:

/
as,_,.6; T Qs,.6,,, = b5},1,5} + b(;;!g;_H whenever 6; = 5]~ , (5.32)

i+1

and all indices are considered modulo n. With these conditions, fg/y(a, b) is
PGL,-invariant and descends to a rational function f5y(a, b) € Q%(Myg; Q).

DEfiNITION 5.1. Let S, 0,8 be as above and suppose that 6 N &', = @. With a,b
parameters satisfying (5.32), define a generalised cellular form to be

fys(a,bwy € QMg Q) (5.33)

Call the set of parameters a,b convergent if (5.33) has no poles along divisors D at
finite distance with respect to . In this case define the generalised cellular integral to be

L;/y a, b) /fg/(sl a, b)LUy (5.34)
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It converges by (2.12). The action of 3(S) extends to an action on pairs of dihedral
structures (0, 0') and also on parameters a,b by permuting indices. Clearly (5.34) is
invariant under this action, up to a sign.

For any convergent pair (6, 8)', setting all a; j, by; = N clearly defines a solution
to (5.32) and gives back the basic cellular integrals (3.21). We now show that there
is a non-trivial n-parameter family of convergent integrals of the form (5.34).

5.2. Parametrization

Let S ={1,...,n} and let 0 € 3(n) be a choice of permutation such that
(6,0") ~ (8°, 38°). To simplify the notations, we can write

zz+l

iH (2 = Ziv1) (5.35)
Z

0;,0;
- ZO'H,) 01

It descends to a rational function f,(a,b) € Q°(M,s; Q). In the case when n is
even, taking the alternating sum of the equations (5.32) yields the condition:

n

Z(_l)i(aai—lﬂi + aai,ffri-]) =0 (536)

i=1

When n = 2k+ 1 odd, the equations (5.32) uniquely determine the b, ;. 4+, interms
of the a;;4, and we take the a;;4; as parameters in Z". This defines a map

pe + ¥ — 0f(Mys; Q) (5.37)

a = fs(a,b)w,
where b is determined from a via (5.32). In the case n = 2k is even, we can choose

a parameter b € b. Equation (5.36) defines a lattice H, C Z?* isomorphic to Z?*~!.
We can parametrize the space of generalised cellular integrands in this case by

Pos : Hy x 7 — Q'(Mys; Q) (5.38)
(@,b) = fs(a,b)w,

where the remaining indices b are determined from (a, b) using (5.32).
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PROPOSITION 5.2. Let D C M),n be an irreducible boundary divisor isomorphic to
./\_/lo,n,l which is neither at finite distance with respect to a8 nor to 8°. Then

Up (.fa(aa b) wa) >0 (5'39)

Jor all a, b satisfying the equations (5.32).
Let F C M),n be an irreducible boundary divisor in 5?. Then

vp(fo(@b)ws) 2D i1 =Y boo,, (5.40)

i€l jeJ

where |I| =n —2 and |J| < n — 2 are certain subsets of {1, ...,n} depending on F.
1t has strictly fewer terms with negative coefficients than with positive coefficients.

PrROOE. By Lemma 3.4, w, has no poles along any such divisor D. Therefore

vp(fs(a, b) we) > vp(fe(a, b)) .

For the latter, we have by (5.35)

vp(fo(a,b)) = D aiipilp({i, i+ 13) = boo In({oi, 0i1}) . (5.41)

€L/

A divisor D isomorphic to ﬂo,n_l corresponds to a partition SUT of {I,...,n},
where S = {p, ¢}, and p, q are not consecutive with respect to §° and ¢6°. Then

2up(fo(a,b)) = D aiipi I{, i+ 13} CT) = by,,,,, [({0i, 011} € T) (542)

1€EZ/nZ
where T is the complement of S in {1, ..., n}. If we denote by
A= Z QG541 and B= Z bo’i,gi+l
i€Z/nZ i€Z/nZ

then equation (5.32) implies that A = B. Adding B — A to (5.42) gives

2up(fo(a, b)) = ap—1p + Appy1 + ag1g+ aggrt — bp_p — bpp, —bg g~ bgqy

where p. are the adjacent neighbours of p with respect to the ordering o, and
likewise for ¢. This quantity vanishes by (5.32) and proves the first part.
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For the second part, consider a stable partition S, T where the elements
of S and T are consecutive (with respect to the standard dihedral ordering). Then
by Lemma 3.8, the first sum in equation (5.41) yields n — 2 terms which occur with
a plus sign, and the second sum contributes at most n — 3 terms, which occur with
a minus sign. O

Remark 5.3. The conditions (5.39) mean that the integrand is ‘weakly cellular’ in the
sense that its polar locus is contained in the set of divisors o ¢ with certain extra divisors
corresponding to stable partitions S U T where |S|, |T| > 3. With a little more work,
one can find further constraints on the set of extra divisors which can occur, and yet

more constraints under the assumption that the integrand is convergent.

The region of convergence for generalised forms in parameter space is defined
by hyperplane inequalities. We know it is not compact because it contains the
infinite family of basic cellular integrals. The following corollary shows that it is
genuinely n-dimensional (i.e. not contained in a hyperplane).

COROLLARY 5.4. Let R, denote the region in the parameter space (5.37) or (5.38),
depending on the parity of n, which consists of points corresponding to convergent forms.
Consider the region C™ C N" defined for all n > 0 by
C"={(z1,...,z,) €N": foralli,|z; —m| < I for some m € N} .

It contains the diagonal N — N™. Then if n =2k + 1 is odd,

- R Nk

a
and if n = 2k is even,
C*'N(H,xZ) C R, C (H,NN*)xZ

ProOOF. For the upper bound, observe that an application of formula (5.41) for the
order of vanishing along a divisor at finite distance D corresponding to a stable

partition {i,7 + 1} U{l,...,i— 1,1+ 2,...,n} gives

ordp (f,(a, b)) = @iy (5.43)
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One verifies using (3.26) that ordp(w,) = 0 for such divisors D. Therefore,
by (2.12), convergence requires that all indices a; ;4 be > 0.

For the lower bound, consider the case n = 2k. The case when n is odd is
similar.

Choose a cyclic ordering on o, and assume without loss of generality that
b = by, . Consider a linear form (5.41). Substitute an equation (5.32) of the form

bo1.0, = Goy-1.0y + Goy0y+1 — boy o (5.44)

to replace the indeterminate b,, ,, with its successor by, ,,. Proceed in this manner
until (5.41) is written in terms of the a;;, and b only. At the end there will be
at most n? terms. Furthermore, the sum of the positive coefficients will exceed the
sum of the negative coefficients by at least one by proposition 5.2 and since (5.44)
preserves the number of positive minus the number of negative terms. Any linear
form with these properties takes positive values on C". By (5.40), this region is
contained in R,. U

The above upper and lower bounds on R, can easily be improved if one wishes.

5.3. Examples
5.3.1. Dixon’s integrals [15] for 1, {(2)
Let n =5 and o = (5, 2,4, 1, 3). The generalised cellular integrand is

F(ab) = 4 L2z = 2) = 2a) (2 = 25) (s = 2)
o\d, (Z5 - Zz)bSJ(Zz - Z4)bz‘4(z4 — z])b4,1(zl — Z3)b]’3(z3 _ 25)b3’5

where the exponents satisfy a;, + az3 = bsy + bya, ..., as; + a1 = by + by 3.
Since n is odd, we can take as our set of parameters a; = a; ;4 for ¢ € Z/5Z and
solve for the b; j. The generalised cellular integral in simplicial coordinates is

/ tlll] (t2 — tl)az(] — tz)a3 dtldtg
bz by, 1=ttt
0<t; <tr<1 (=t (120G
where b3 = a; + a; — a4 and by 4 = ay + a3 — as, which follows from solving the
homogeneity equations (5.32). By (5.43) and (3.26), the valuation of the integrand
along the divisor Dy2y345) iS a1 ,. There are exactly five divisors at finite distance
obtained from this one by cyclic symmetry, and therefore the convergence conditions
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are exactly a; > 0 for ¢ € Z/5Z. Now one can change variables to transform the

previous integral into cubical coordinates t; = zy,t, = y. This results in the

integrals

gt (1 —z)2y™(1 - y)® dady
(I—gzy)otoe 1-gy

I(ay, ay, a3, a4, as) = /

[0.1]2

which coincide with (9.59). This family of integrals has a large group of sym-
metries [33]. A geometric derivation of these transformations in terms of natural
morphisms between moduli spaces was given in [7] § 7.7.

This family of integrals yields linear forms in 1 and ¢(2). The order of vanishing
of the integrand along the five divisors at infinity are a;_,—a;—a;—1 for ¢ € Z/5Z.
If any of these forms is > 0, the coefficient of {(2) in I vanishes, by Lemma 11.4.

5.3.2. Rhin—Viola’s integrals for {(3)

Let n = 6 and 0 = (1,4,2,6,3,5). We choose parameters a; = a;;; and
b = b3 6. Then equation (5.36) is the equation

as+as=a;+ap.

The generalised cellular form (up to an overall sign chosen to ensure that it is positive
on the simplex 0 < ¢, <t <t3< 1) is

t(lll (t2 — tl)az (t3 — t2)a3(1 — t3)a4 dtdt,dt;

804 (b — b)) (1 — byt talts —t)(1 —t2) -

(5.45)

Using the homogeneity equations (5.32) it can be rewritten in terms of our parame-
tersvia by 4 = ag+a3—b, byy = as—ae+0b, and b3 s = ay+a3—b. The convergence
conditions for the six divisors obtained from {12]3456} by cyclic permutations lead,
by equation (5.43) and (3.26), to inequalities a; > 0 for all 4 € Z/6Z . There are
three further divisors at finite distance, which, on applying (5.41) yield the following
linear forms, which can be reduced to our choice of parameters using (5.32):

1
123|456 : 5(01,2 +az3+ass+ae+ 2) =a +a+1 >0
1
126|345 . E(al,z + (13,4 + 014’5 + al,(, — b2,6 — b3,5) = Q4 + b— a) Z 0

1
156|234 . 5a2’3 + a3 4 + ase + a6 = Qg +ay+a3—aq — b 2 0
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Thus, in our choice of parameter space, the region of convergence is defined by the
second and third hyperplanes (since the first linear form is trivially non-negative).

LEMMA 5.5. Rhin and Viola’s family of integrals (9.60) for ((3) coincides, up to
reparametrization, with the family of generalised cellular integrals for o = (1,4, 2,6, 3, 5).

PrROOE. Pass to cubical coordinates t; = zyz,t, = yz,t3 = 2z, and rename the
parameters (a;, a,, a3, a4, ag, b) by (I, s, k, ¢, r, 7—q— h+ s+ k) respectively. Then
(5.45) leads to the family of period integrals on M4 of the form

/ (1 — z)%y" 5 (1 — y)k2+s=9(1 - 2)4 dxdydz

o (I = zy)F=rts(l —yz)hter (1 -zy)(1 -y2) ’

depending on the six new parameters h, k, [, q, r, s. The convergence conditions
above translate into the inequalities h, [, s, k,q, 7> 0,l+s—q¢> 0, r+k—h > 0.
This is exactly the family of integrals (9.60), after applying the change of variables

(z,y,2) — (1 - zy, 1=y ,z) . (5.46)

U
In particular, this family of integrals gives linear forms in 1, {(3) by [33].

5.3.3. Generalised cellular family for o = (8,2,7,3,6,4,1,5)

Choose as parameters a; = a;;+ for ¢ € Z/8Z and b = bsg. The equation
(5.36) is then the relation

H,: ag+a7+ag =ar+az+ ay
A reduced set of convergence conditions are given by a; > 0 for all ¢+ € Z/87Z, and

128]34567 a1 +b—a; >0
1278/3456 a; +as —ag > 0
1234|5678  as+ag+a; —b-+1>0
456/12378  a;+ay+b—ag—a; >0
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The corresponding divisor is indicated on the left hand-side. All other convergence
conditions are a consequence of these ones. The integral is given by

I(a,b) = / £ (b2 — t) 2 (t; — t2) ™ (B — t5)™ (b5 — ta) ™ (1 — £5)* We

(] — t1>bz,7(] — t2)b3‘7tgl‘4til’5 (tS — tz)b3,6 (tS _ t3)b4,6

5

where
dt; ... dts

(1 =t)(1 = t2)(ts — t2)(ts — t3)tsts

and the parameters in the denominator are given by

Wy =

by =a1+as—a3—as+b,bss=0as+as+as+a;—a; —ay—b
bi;=a3+as+a;—a —b,bjgs=a +ay+a3—as—as—a;+b

b3,6:al+a2—a4—a7+b,b1,5:a4+a5—b

Using the symbolic integration programs due to Erik Panzer [29, 30], or [11],
one can compute many examples of such generalised cellular integrals and find
experimentally that they are linear combinations of 1, {(3), ¢((5) only®. 1 made
a half-hearted attempt to search for I(ay, ..., a7, b) in which the coefficient of {(3)
vanishes. Tantalisingly, I found the following examples, which could be part of an
infinite sequence of approximations to ((5) (perhaps after applying a symmetry
argument or modifying the numerators of the family I(a, b)), or could just be
accidental:

1(1,0,0,1,0,0,0,0) = 2((5) — 2

33
1(2.0,0,2,0,0,0,0) = 2¢(5) ~ -
161263
1(3,2,0,3,2,0,2,2) = 60{(5) —

In a different direction, a residue computation shows that a large family of these
integrals has vanishing {(5) coefficient, and hence gives linear forms in 1, {(3). It
can be made explicit by applying a version of Lemma 11.4 and computing the order
of vanishing of the integrand along a cellular boundary divisor corresponding to o.
It would be interesting to know whether this leads to new approximations to ¢(3).

5) Wadim Zudilin has very recently proved that this family of integrals is equivalent to another family
considered by Viola [38], and similar to integrals in [39], [40] (private communication).
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6. Multiplicative structures

There are partial multiplication laws between cellular integrals generated by ‘product
maps’ between moduli spaces.

6.1. Product maps
Let S be a set with n > 3 elements, and let S|, S; C S be subsets satisfying

|Slﬂ82|:3 and SleLJSQ.
A product map, defined in [7] §2.2, §7.5, is the product of forgetful maps
m: MO,S — Mo’sl X MO,S2 .

It follows from the assumptions on S; and S, that it is an open immersion, and
that the dimensions of the source and target are equal.
Now if 8;, §, are dihedral structures on S, S, then

m (S5, xSs,) = |J Ss
(5(5|512(5,

where the union is over the set of dihedral structures § on S whose restrictions to
S1, S, coincide with &y, 8. Let w; € QI¥i=3(M,5) for i = 1,2. Then

/w1 X /wz = / m*(w; ® wy) (6.47)
551 552 m71(551 ><S§2)

in the case when all terms converge. This formula can be used to multiply two
cellular integrals. It gives a third cellular integral under certain conditions on ¢y, 5.

6.2. Multiplication of pairs of dihedral structures

Fix a set

T=A{1,2,3}

on three elements, with the ordering 1 < 2 < 3. Define a triple in a set S with
n > 3 elements to be an injective map ¢t : T — S.
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DEfiNITION 6.1. Let (6, 8") be a pair of dihedral structures on S, and let t : T — S
be a triple. We say that (6, §') is multipliable along ¢ if:

1. The elements t(1), t(2), t(3), in that order, are consecutive with respect to §.

2. The elements t(1), t(3) are consecutive with respect to ¢'.

We say that a configuration on S is multipliable, if for some, and hence any represen-
tative (8, &'), there exists a triple t in S satisfying (1) and (2).

Remark 6.2. Note that (3, 8') is multipliable along t : T — S if and only if it is
multipliable along t : T < S, where (£(1),1(2), 1(3)) = (t(3), t(2), t(1)).

Suppose that we have two pairs of dihedral structures (4;, 6}) on S and (95, 05)
on S,,and t; : T — S;, for 4 = 1, 2 such that

(61,8y) and (4, 5'2)V = (65, 0,)  are multipliable along ¢, t, respectively .
Note that it is the dual of (d,, 65) which must be multipliable along ¢,. Let
S — S] Ut1:t2 Sz

denote the disjoint union of the sets S; and S; modulo the identification ¢ (i) = ¢,(4)
for ¢ = 1, 2, 3. Finally, we can define the product to be

(01, 5’1) *t, s (02, 5'2) = (a, a')

where « (respectively ') is the unique dihedral structure on S whose restrictions
to S; coincide with ¢; (respectively, &) for ¢ = 1,2. In the language of [12], «
is a relative shuffle of (cyclic structures representing) d; and &, and similarly for
o', 8, 05.

EXAMPLE 6.3. In the following examples, a tuple (si, ..., s,) denotes the dihedral
structure in which s; are arranged consecutively around a circle (considered modulo
reflections). Firstly, the pair of dihedral structures

((pl,pza P3, P4, Ps), (P2, P4, D1, P3, Ps))

is multipliable along (1, 2, 3) — (p3, ps, ps). Consider the pair of dihedral structures

(((Il, 9, g3, 44, Qs, QG): (‘I6, 9, 44, q1, qs5, QS)) .
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Its dual is multipliable along (1,2,3)~(g4,q1,g5). Let S={p1,p2,P3,P4,P5,02,43,96} -
The product of these two dihedral structures is

((p1, P2, P35 @3 @2, Pas G6» P5) (D3, D1 Pas P2y Ps» G35 965 02) )

The configuration class of this pair is denoted by g7 in appendix 1.

D2 qs3 D2 qs3

D1 q2 D1 q2

Ps P4 qs ds q1 Ps g6 Pa

Fig. 3. A graphical depiction of the left-hand factors in example 6.3: a dihedral structure

can be depicted as a set of points around the triangle ;(T). The triangle on the right is

obtained by superimposing the two triangles on the left and identifying p; = ¢4, ps = gs,
Ps=q

Note that the multiplication laws on configurations are not unique: two config-
urations can have different representatives which multiply together in different ways.

6.3. Multiplication of generalised cellular integrals

LEMMA 6.4. Let (§,8') be a pair of dihedral structures which is multipliable along
t:T— S, and let a5, 5, , by 5 denote parameters which are defined whenever

{05,611} € 6(T)  (resp. {8, 6141} € 8(T))
and satisfy the homogeneity equations

as, 5, + 05,5, = b, 5+ b5, i 6 =05,
whenever all terms are defined. Then there is a unique way to define parameters as, s, ,
be, 5, for all i such that the homogeneity equations (5.32) hold.

Furthermore, if all parameters a;; and b;; which were initially defined were equal
to N, then the extended set of parameters are also all equal to N.
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ProOF. For simplicity, we can renumber labels so that ¢(T') = (1,2, 3), and the
dihedral orderings can be assumed to be of the form

6:("'5p1€,1’2’37]931‘9"‘) and 6l:(17 ql'l‘a"'7q2€’25q27‘7"'7q3€’3)

The extra homogeneity equations which need to be satisfied are of the form

Apy1 +a1p =by1+big,
aiptaxs = by, + by,

a3+ a3p, = bgs+ b3

which can be uniquely solved for a,,, a3 and b5 ;. O

The lemma is clearly true if one replaces a pair of dihedral structures by their dual.
Now let (d;, 07) and (d, 65)" be two pairs of dihedral structures on S}, S, and
let (o, @') denote their product with respect to t; : T; < S; for i = 1, 2 as defined
above. Then «, o are dihedral structures on S = S; Uy, —¢, S5.
Consider a set of parameters a, b:

Oq, €7 and ba;,a§+] €7

SQi41

which satisfy the homogeneity equations (5.32). Since the restrictions of a, o' to S;
are 0;, 5;, the restriction of the sets of parameters a, b to those terms whose indices
lie in S; satisfy the conditions of lemma 6.4. Denote their extensions defined in the
lemma by a;, b;, for i =1, 2.

PROPOSITION 6.5. With the above notations,
Ia/o/(a, b) = :l:Igl/(;ll (a1 , b]) 152/5'2 (az, bz) (648)

The integral on the left-hand side is finite if and only if both integrals on the right-hand
side are finite.

In particular, in the case when all parameters are equal to N, we obtain a multi-
plicative formula for basic cellular integrals

Lojr(N) = I5, 5 (N) I5,s5,(N)  forall N >0 . (6.49)
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PROOF. The proof is an application of the product formula (6.47). Let
m: MO,S — MO,SI X ./\/l(),s2

be the product map. By construction, « is the unique dihedral structure on S which
restricts to d; and d;, so the domain of integration is m~!(Ss, X Ss,) = Sq.
Therefore it suffices to show that

m*(f5,8 (@1, br)ws ® f5,/5(a2, b2)ws) = % foar(a, b)wer

The case when all parameters are equal to zero is the identity m* (wy‘ Quwg, ) = twy
and follows from [12], Proposition 2.19, since o' is the unique dihedral structure
which restricts to 47, 6. It remains to show that

m*(f(gl/g'] (a1 , b]) ® f52/5'2 (az, bQ)) =4+ fa/ar(a, b) . (650)

To see this, denote the marked points of S| by z{,...,x, and S, by ¥y, ..., ys.
Using PGL,, we can place the elements of ¢(T) C S at 0,1,00, and so
(z1, 22, 23) = (0, 1, 00) = (y1, Y2, ¥3). The expression f5 /5 (a1, b1) ® f5,/5 (a2, ba)
is given by the limit, as both (z, 2, z3) and (y;, 2, y3) tend to (0, 1, 00), of

a5, (i).61 (i A5 (i).65 (i
H (.’L'(sl(i) — x51(i+l)) 61(9).61 G+1) y (y52(z) — yéz(i—i-l)) 0 (4).05(i+1)
)b5’] (i).64 (i+1) bé’z(i),é’z(i+])

i€Z/TZ (“’6’1(@') = T8 (i+1) i€7/ST. (yag(i) - yé’z(i+l))

since terms of the form (z; — x;)™ or (y; — y;)™ where 4, j € {1, 2, 3}, will drop out
in the limit. Denote the marked points of S by (21, ..., 2,+s—3). The map m sends

(zlv"'azT+8) = (zla"' 7Z7‘) X ('zlaz2>z3azT‘+ln"'nzT‘+s)

by definition of the dihedral structures o, @' the left-hand side of (6.50) is exactly
the limit as (21, 23, 23) tends to (0, 1, 00) of the following expression

Ao, o,
H (Zai - Zai+l) fiti
baral_
i€Z/(r45—3)Z (Za; - Za;+l) R

which is fo/.(a, b) up to a sign. O
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7. Linear forms in odd zeta values

The Ball—Fischler—Rivoal integrals, which can be used [4, 20, 34| to prove that the
Q-vector space generated by odd zeta values is infinite dimensional, are a special
case of a certain family of generalised cellular integrals.

DEfiNITION 7.1. Let m > 3. Consider the family of convergent configurations defined
by the equivalence class of permutations

Togd = (2m,2,2m —1,3,2m - 2,4,...,m,1,m + 1) (7.51)
ProPOSITION 7.2. Let 1 < r < m. With the special choice of parameters

Amm+1 = QGam,1 = bm+l,2m - bm,l =rn

and setting all other parameters a, b equal to n, the generalised cellular integrals I1(a, b)
coincide with the family of integrals (9.64) where a = 2m.
In particular, the basic cellular integrals for m,;, correspond to the case T = 1.

PrOOF. Set p = m — 1, and m = ;. The integrand corresponding to this
configuration is f¢g™w, where f, is the basic cellular integrand (all parameters
equal to 1), and g is the function represented by the cross-ratio

_ (2m = Zm+1)(22m — 21)
(zm—i-l - z2m)(zm - Z]) ’

Writing these in cubical coordinates xy, ..., Ty,—; gives
(@i map ) [I (1 — m4) -1
fr= i=1\Ti - - Top—i) L =) Zi g= Tp
/[ _1 ) —_— .
Hle(l —Z;... xzp,i)(l —Tigp .- .’EQP,i) Zp

Perform the following change of variables in two stages. First set z, = 1 — 8,1,

and
Syo1— 1 Sop_2; — 1
gi= | p=—22  for 1<i<p.
8y — 1 S2p-2it1 —
Next perform the change of variables s; =y, ...y; for 1 < ¢ < 2p — 1. One easily

verifies that this gives the integral (9.64). The details are somewhat tedious and are
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omitted, but one checks that in the new variables is:

2 —
H@'£11 yi(l - yi) g= Y- Yop-1
(1—y1---yzp—l)l_[f;ll(l—yl---yzi) L=y Yy

f7r:

The differential form w, can be computed similarly and becomes

dyl ---dy2p—1
U=y o) [T (U= 1 - i)

Finally, one must check that the above change of variables defines a homeomorphism
of the unit hypercube {(z;,...,Z_1):0<z; <1} with {(y1,...,yzp-1):0<y; <1}.
The generalised cellular integrals for the above choice of parameters is then

which coincides with the family of integrals (9.64). O

In particular, by [4, 34] this family of integrals yield linear forms in odd zeta values 1,
¢(3), ..., ¢(2m — 3). It is highly likely that the same holds for I (a, b) (including
the example of §5.3), for any convergent values of the parameters.

Remark 7.3. The evidence suggests that these families of integrals have symmetry groups
and identities of hypergeometric type generalising those discovered by Rhin and Viola.
It would be interesting to study these groups with a view to applying the group method
of Rhin and Viola to linear forms in odd zeta values.

PROPOSITION 7.4. Let m > 2. The generalised cellular integrals corresponding to the

sequence of convergent configurations
Topen = (2m +1,2,2m,3,2m —1,4,..., m+2,1,m+ 1) (7.52)
with parameters given by
A12m+1 = Am+1,m+2 = bm+l,2m+l = bl,m+2 =Trn

and all other parameters equal to n, are equal to the family (9.64) where a = 2m — 1.
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PRrROOF. Write the integrand corresponding to this configuration in cubical coordi-
nates Ty, ..., Xyy_2. Perform the change of variables, z,, = 1 — sy,,—2, and

S2i-1— 1 Som—2i — 1
x¢ZZZl— for 1<i<m, a:mﬂ':& for 1<i:<m.
s — 1 $2m—2i+1 —
A final change of variables s; = /| ... %, gives the integral (9.64). O
This family seems to yield linear forms in even zeta values 1, (2), ..., {((2m —2)

for all values of the parameters. Note that there are many other families with an
(apparently) similar property such as the following family for all n > 2:

2n+Ln2n—1,n—1,...,2,n+2,1,n+1).

It would be interesting to know if they can be used to improve on the presently
known transcendence measures for 2.

7.1. The dual linear forms

The generalised cellular integrals of the configurations (wg}id)v which are dual
to (7.51) experimentally produce linear forms in

1’ C(z)’ e C(zm - 6)> C2m—3

where (,,,_3 is a polynomial in odd zeta values and even powers of 7 of weight
2m — 3. As discussed in §8, we can define motivic versions of the generalised cellular
integrals taking values in motivic multiple zeta values. It now makes perfect sense to
project the {™(2) to zero, yielding linear forms in 1 and {™(2m — 3) only. Taking
the period gives linear forms in 1 and {(2m — 3). These linear forms are often small.

ExaMmPLE 7.5. Consider the case m = 4, denoted 87r§/ in Appendix 1. Then

dt, ... dts
Wyny =
T (6 = )t (1 — ta)(ts — b) (6 — £5)

and an example of a generalised cellular integral is:

Wery = ag + a1¢(2) + ax(s

/ t1(t = 12)* (t2 = £3)3(ts — ta)"(ta — £5) (85 — 1)°

(t1 — t3)085(1 — t4)°(ts — t5)0(ty — t5)10

Sg
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where (5 = 2¢(2)¢(3) + ¢(5) and ay, a1, a; € Q. Either by computing with motivic
multiple zeta values, or working with relative cohomology classes, one can ensure
the coefficients a; are well-defined. We obtain using [30] the following values

48144548550856003417243773593
19289340000

ay = , ay = 2407028604043866880
where we omitted the value of a;. Now consider the linear form in which we drop
the ((2)’s, namely ag + a,{(5). The Z-linear form in 1, {(5) obtained by clearing
denominators is less than 1, which is what is required for an irrationality proof.
There are many similar examples. An infinite family of such examples would suffice
to prove the irrationality of ¢(5).

8. Cohomology

A proper understanding of problem (4) seems to require cohomological and motivic
methods. For this reason, I include a brief discussion of these ideas.

8.1. Moduli space motives

The integrals (1.1) are periods of the motives considered in [24]. For |S| > 4
let A, B C ﬂ(), s be a pair of boundary divisors such that A and B have no common
irreducible components. Let £ = |S| — 3 and define

m(A, B) = H' (Mys\A, B\(Bn A))

in the category M7 (Z) of mixed Tate motives over Z. In particular, it has a de
Rham realisation m(A, B)4g which is a finite dimensional graded vector space over
Q, and a Betti realisation m(A, B)p which is a finite dimensional vector space
over Q, equipped with an increasing weight filtration W. There is a comparison
isomorphism

compp gp : M(A, B)4r ®y C — m(A, B)p ®q C

which is compatible with weight filtrations, where the weight filtration on m(A, B)4r
is the filtration associated to its grading. A convergent period integral of the form

I= /w where we€ QZ(HO,S\A; Q)

Ss
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can be interpreted as follows. Let A = Upesing(w)D and B = Upes, D. By (2.12), A
and B have no common irreducible components. The integrand w defines a relative
cohomology class [w]| € m(A, B)4g via the surjective map of global forms

0 (Mos\A4, B\(AN B); Q) — Q‘(Mys\4; Q)

It is surjective because the irreducible components of B have dimension £ — 1 and
so the restriction of w to B necessarily vanishes. On the other hand, the domain
Ss defines a relative homology cycle in singular (Betti) homology of the underlying
complex manifolds with Q coefficients:

[Ss] € HY (Mys\A, B\(BN 4)) = (Hs(Mys\4, B\(BN 4)))"

Thus we have [w] € mggr(A, B) and [S5] € m(A, B)}, and the period integral can
be interpreted via the Betti-de Rham comparison map

/ w = {compg ap [w]. [Ss]) € C

Ss

The pair of divisors A, B — which are described by combinatorial data — determine
the numbers which can occur in the previous integral, as we shall presently explain.

8.2. Motivic periods and vanishing

We refer to [8], § 2 for background on motivic periods. The ring of motivic
periods of MT(Z) is defined to be

Plirzy = O(Isom3 ;) (War, wp)) -
It is a graded ring, equipped with a period homomorphism
per: Py — C

by evaluating on comp,p g. We apply this construction to integrals on moduli spaces.
Let w, Sj, be as above and define the motivic period integral to be

I"(w, S5) = [m(A, B), [w]. [Ss]]™ € Prir)
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which is the function ¢ — (¢(w), Ss) : Isom%/mz) (war, wp) — A, Its period is

per I (w, S5) = /w )
Ss

THEOREM 8.1. The motivic period I"™(w, Ss) is a Q-linear combination of motivic
multiple zeta values of weights < £. Furthermore, if

gryy.m(A, B) =0

then the coefficients of motivic multiple zeta values of weight m in I™(w, S5) vanish.

PROOE. The motivic period I™(w, Ss) is in fact a real, effective motivic period
because S; is invariant under real Frobenius, and m(A, B) has weights in [0, /]
(see [8], §2). The first part follows from [8], proposition 7.1 (i), which is a corol-
lary of [9]©).

Now let {[wgm)]} be a basis for griy m(A, B)gg for 0 < m < £. Then there
exist rational numbers aﬁ’") € Q such that

wl =" a™ [i™]

and hence, by bilinearity of motivic periods,

I"(w.85) = 3 o [m(A, B, o], [S:]]™ .

where [m(A4, B), [wﬁ’”], [Ss]]™ € P™ are motivic periods of weight m, since the
weight-grading is determined from the de Rham grading [8] (2.13). The second part
is immediate. O

Applying the period homomorphism immediately gives the

COROLLARY 8.2. The integral I is a Q-linear combination of multiple zeta values
of weights < £. If grg[,/nm(A, B)4r vanishes, then this linear combination does not
involve multiple zeta values of weight m.

% This proof uses the main theorem of [9] and is not effective. It would be interesting to have
a version along the lines of proof of [7] which actually enables one to control denominators.
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Thus a simple-minded method to achieve vanishing is to find boundary divisors
A, B, such that certain graded pieces of the de Rham cohomology m(A, B)4r
vanish. This is possible for Apéry’s approximations to {(2) and ¢(3) (Appendix 3).

Remark 8.3. A more promising approach to force vanishing of coefficients, which I have
not explored, is via representation theory. Suppose that there is a finite group G which
acts upon m(A, B)gg (for instance, via birational transformations of Ms). Then
each graded piece (m(A, B)4r)n is a finite-dimensional Q|G|-module. Let V be an
irreducible representation of G over Q and my the corresponding projector. Consider
the motivic periods Ty I"™(w, Ss) = I™(myw, S5) . If the representation V does not
occur in a component gryy m(A, B)ag, then my I™(w, X) cannot contain a motivic
multiple zeta value of weight m.

8.3. Remarks on the Galois coaction

The ring of motivic periods carries an action of the de Rham motivic Galois
group G = Isom®(wgg, wqr). This is equivalent to a coaction by O(U®), where
U“E is the unipotent radical of G*®. General nonsense provides an abstract formula
for this coaction (see for example [8], equation (2.12).)

ProBLEM 8.1. Find a combinatorial formula for the motivic coaction on the I"™(w, Ss).

The analogous problem for motivic multiple zeta values is known, due to
Goncharov, Thara, and [9]. The reason this problem is relevant for irrationality
questions is the fact that a motivic period which is primitive for this coaction is
necessarily a linear combination of single motivic zeta values only ( [9]). Thus
a solution to this problem would give a criterion for obtaining linear forms in single
zeta values, as opposed to multiple zeta values. It is already an interesting problem
to try to prove geometrically that the examples of §7 are primitive.

The Galois action enables us to prove constraints on the periods which can
occur, as a function of the weight-graded pieces of M. See, for example, proposition
9.8 in [10], which states that if M is an object of M7 (Z) satisfying W_; M = 0 and
grLVLM = 0 for all n > 1, then its real periods are necessarily odd single zeta values.

8.4. Duality

Poincaré-Verdier duality states that

m(A, B) = m(B, A)" @ Q(£) (8.53)
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where both sides have weights in the interval [0, 2¢], since Mo,s is smooth projective
and A U B normal crossing. In particular,

grnm(A, B)ar = gryy_pnm(B, A)ar , (8.54)

which enables us to transfer vanishing theorems from m(A4, B) to m(B, A).
The effect of duality on motivic periods is more subtle, and requires some more
definitions. In [8], (2.20), we defined a canonical homomorphism

s . , d
m=n""" s prt, — oUt) (8.55)

—+
where PA“:IT(Z) C PA“}T(Z)

kernel of 7 is the ideal generated by L™, the motivic version of 27i. There is an

denotes the subspace of effective motivic periods. The

antipode
S: 0U™F — oU™),

which corresponds to duality in the Tannakian category M7 (Z). Since, in a graded
Hopf algebra there is a recursive formula for the antipode in terms of the coproduct,
the map S can be computed explicitly on the level of unipotent de Rham versions
of motivic multiple zeta values (see [8], § 2.4). In particular, we have

S¢"2n+1))=-¢"2n+1), (8.56)

where (" is the image of ¢(™ under the map (8.55).

The periods of m(A, B) and m(B, A) are therefore related by passing to
unipotent de Rham periods via the map m, which kills (™(2), and applying the
antipode S. To state this cleanly we make some simplifying assumptions. Let A, B
be boundary divisors on mo,s with no common components, and let £ = |S| — 3.
Suppose that

w € m(A, B)4r and W' € m(B, A)gr

X € m(A, B)}, and X' € m(B, A)},
and to simplify matters, let us assume that

grym(A,B) 2 Q(0)  and  grym(A, B) = Q(-¥).

Then the same is true for m(B, A), by duality (8.53). For any object M € MT(Z)
satisfying W_; M = 0, we defined in [8], (2.21) a map of Q-vector spaces

ch: My — Mg



261]  Irrationality proofs for zeta values, moduli spaces and dinner parties 145

as the dual of the map cg : Myg = @gry, Mar — gry Mar = gry Mp = WoMp C Mp.
With the above assumptions, the classes of w and ‘co(X')(—£) in gry,m(A, B)ar
differ by a rational number. Therefore let a € QQ such that

[‘co(X')(=0)] = & [w] € gryym(A, B)ar

Likewise, let o' € Q such that [fco(X)(—£)] = o' [w'] € gryym(B, A)ar.

LEMMA 8.4. With these assumptions, we have
o I (w, X) = aS(r(I™W, X))

where the equivalence means modulo the image under the map ™ of motivic multiple
zeta values of weight < £ — 1.

PrROOF. We have I"™(«/, X’) = [m(B, A), ', X’'|™ and hence by [8], (2.22),
m[m(B, 4),d, X'|™ = [m(B, A),, ‘co(X)]"
The antipode S on matrix coefficients [M, vy, vo|* is [MY, vy, v{|*, so we have
StI™(W, X') = [m(B, A)", co(X'), " = [m(4, B)(¢), ‘co(X'), ]

Now [V (r),v;(r),va(r)[*=(L")"[V,v1,v,]", and since L*=1, we have [V, v}, v;]* =
= [V(r), vi(r), va(r)]* for all r € Z. Since mI™(w, X) = [m(A, B),w,ceX)|",
the statement follows. O

In other words, the highest weight part of I™(w, X) is related, modulo {"™(2),
to the highest weight part of I™(w', X’) via the antipode on unipotent de Rham
periods.

Remark 8.5. In the case when the motive m(A, B) is also self-dual, these observations
give some non-trivial constraints on the periods which can occur: their unipotent versions
must be % invariant with respect to the antipode S. For example, via the equation
S(¢"(3,5)) = —(¢"(3,5) + 5¢*(3)¢"(5)), we see, for example, that {(3, 5) can never
occur on its own as a period of a self-dual motive.
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9. Appendix 1: A short compendium of integrals

The literature which has grown out of Apéry’s irrationality proofs for {(2) and ¢(3),
and in particular, Beuker’s interpretation (found independently by Cordoba) using
elementary integrals [5], is vast. I have selected a very incomplete list of integrals
with various irrationality applications and reproduced them here in their original
notations. The integrals below are referred to in the main text, but there are many
others that could also have been included.

9.1. Beukers’ integrals for {(2) and ¢(3)

The following family of integrals:

11

//yq_ﬂﬂ(hﬂ)m@ [5], Ean.(5) (9.57)

1 — zy)nt!
00

for n > 0, are linear forms in 1 and ((2), and give exactly Apéry’s proof of the
irrationality of {(2). In [5], Beukers introduces the following family of integrals

11 1

/// (ot =y w =) dw 5] Ean. (1) (9.5)

(1-(1 - zy)w) !
000

and proves that they give linear forms in 1 and {(3), identical to those considered
by Apéry, and hence leads to the irrationality of {(3) ( [5], [20] § 1.3).

9.2. Rhin and Viola’s generalisations to several parameters
In [32], Rhin and Viola consider a generalisation of (9.57) depending on

parameters h, 1, j, k, 1 > 0

11

h(1 - 2)if(1 — y)* dad
//x )yl —y)" _dady (9.59)

(1-zy)tit 1-zy
00

which give linear forms in 1, {(2). These integrals had previously been considered
by Dixon [15] in 1905.



263]  Irrationality proofs for zeta values, moduli spaces and dinner parties 147

In [33], Rhin and Viola consider a family of integrals generalising (9.58) which
depend on parameters h, j, k,I, m, q,r,s > 0:

11 1

g"(1 —2)ly* (1 -y’ (1 - 2)¢  dadydz
/// 1 — 1 — xy)z)quh r | — (1 _ :L'y)z (960)

0 0 0

subject to the conditions j+ ¢ = [+ s and m = k+ r — h. This family yields linear
forms in 1, {(3). The families (9.59) and (9.60), combined with the group method
initiated in the same papers yield the best irrationality measures for {(2) and {(3)
which are presently known (see [33], [20] § 3.1).

9.3. Sorokin’s integrals in {(2n)

In [37] Sorokin considers the integrals

o (- ) (1 —vy)"
— U — Vj;
/ /ll d ! d’U,jd’Uj (96])
—’Uw’l)‘)”'H
o o J=1 7

U17J| u] 17.)] 1

and proves that they give linear forms in even zeta values to deduce a new proof
of the transcendence of 7. By clearing the terms in the denominator and renaming
variables in accordance with [19] (7), one obtains the family for n = 2p even:

/ (192)PNHD 1 (y3,) P DEFDL (g yyy) N

[0,1]¥ ke, .~y even(l = 9192 -« yp) V!

N
X H(l —y) N dy, ... dyy . (9.62)
k=1

This family of integrals are periods of the moduli space M 5,13 of the form (2.14).
I do not know if this family of integrals can be written as special cases of generalised
cellular integrals on M p43.

9.4. Rivoal and Fischler’s integrals for odd zeta values
Rivoal’s linear forms [34] are equivalent to the following family of integrals:
ITiso 2" (1 — )"

(1 —2... a)(2r+1)n+2
[0,1]e+!

dzy . ..dz, (9.63)
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where n > 0 and a,r > 1 such that (a + I)n > (2r + 1)n + 2. He proves in
particular that if n is even and a is odd > 3 then it gives linear forms in odd zeta
values 1, {(3), ..., {(a) and goes on to deduce that infinitely many of them are
irrational. This integral has weight drop in the sense that it is an a + 1-fold integral
whose periods are of weight at most a. I did not consider weight-drop integrals here,
although the apparent simplicity of (9.63) suggests that it would be interesting to
do so.

Instead, at the end of Section 2.4 in [20], Fischler gives a variant of the
above integrals (which are very well-poised, as opposed to simply well-poised),
by multiplying the integrand of (9.63) by (1 4+ zg...z,)/(1 — zo ... x,) ( [20],
§ 2.3.1). He proves that the latter integrals are equivalent (with slightly different
notation) to:

/ 1521 w5 (1 — yy)" dy; (0,64
(I=y192 - Yo )™ Tlacrjca (1 = 9192 - - - y2))™ ! '

[O’]]a—l

where n > 0,a>3and 1 <r < % are integers. In the case when a is even, it
gives linear forms in the odd zeta values 1, {(3),...,¢(a — 1) ( [20], proposition
2.5). The relationship between (9.63) and (9.64) is discussed in the two paragraphs
preceding §3 of [20] and builds on Theorem 5 in [42]. See the discussion below.
Note that when a is odd, (9.64) apparently gives linear forms in even zeta values

1,¢(2),...,¢a—-1).

5. Generalisations

Some generalisations of Rivoal’s integrals (9.63) to a three-parameter family
of integrals yielding linear forms in 1, {(2), ..., {(n) are given in [35], theorem 1.
In [42] equation (70), Zudilin considers the family of integrals

H 1“7 l—mj)b o
Ji(ag, ..., ap, by, ..., by / i= dzy...dz,  (9.65
k(o k 1 [ ]k Qk) xl,---a k)ao 1 k ( )
0,1

generalising work of Vasilyev and Vasilenko. Here, k > 4 and

Qr(xy, ..., zx) =1—z(1—2(1 = --- (1 — xp))) .
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In [42], theorem 5, he relates a certain sub-family of these integrals to hypergeometric
series, and proves as a consequence that if

bit+ay=byt+az3=...=by_| +ag

then the integrals Ji(a, b) yield linear forms in odd zeta values when k is odd, and
even zeta values when k is even. For example, when k = 5, this gives a 6-parameter
family of integrals which are linear forms in 1, {(3), {(5) (note that our generalised
cellular integrals for wgdd apparently yields an 8-parameter family which is strictly
bigger, with the same property). A version of this family of integrals is considered
by Fischler in [19] (5). His family of integrals is denoted by

ITie 1 Ty 1 - a:k)bk dz; ...dz,
I(ay,...,ap,b1,...,b 9.66
(@0t bd) = [ S 06
[0,1]"
where he writes d,,(x) for Q,(z,, ..., ;) and is clearly equivalent to (9.65). These

families of integrals are not obviously of moduli space type.
However, in [19] equation (9), Fischler defines the family of integrals

HZ 1 yk (1 - yk)Bk

K(Als'"aAnsBls"'aBnaC2s"'aC) 1—[ (1_y1 y)C’k-‘rl dy]dyn
k=2

[0,1]

which are evidently period integrals on M, 43 written in cubical coordinates
Y1, ---,Yn. By applying a carefully-constructed change of variables, he proves that
the K(A, B, C) can be re-expressed as integrals of the form

TTh, 2 (1 — zp)™

o1 HZ:z Qr(Tn, ..oy Tpgp—1)*

in new parameters a, E, ¢ expressible in terms of the A, B, C. In addition he shows
that the families of integrals (9.66), and hence (9.65), form a sub-family of the
integrals K(A, B, C). Thus all the integrals considered in this section are in fact
equivalent to periods of moduli spaces M, ,. Both Fischler and Zudilin construct
symmetry groups for their respective families of integrals (9.65) and (9.66), similar
to those introduced by Rhin and Viola 32, 33].
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10. Appendix 2: Examples of basic cellular integrals

10.1. Convergent configurations

Let Cy denote the number of convergent configurations of size N. Then we
find that

N |4 5 6 7 8 9 10 11

Cy | 0 1 15 17 105 771 7028

Here follows a list of convergent configurations of size N, where 4 < N < 8.
N=5
There is a unique convergent configuration:

sm=sm’ =1[5,2,4,1,3].

N=6

There is a unique convergent configuration:
om =¢m =1[6,2,4,1,5,3].

N =7

There are five convergent configurations. There are two pairs of configurations
and their duals:

7T :[79 2,47 1’63 35 5], 77TY :[7a 25571547 69 3]5
T =17,2,4,6,1,3,5], m =[7,3,6,2,5,1,4],

and a single self-dual configuration:
My =qmy = [7,2,5,1,3,6,4].

N =38
There are 17 convergent configurations, comprising 7 pairs of configurations
and their duals:

g™ = [8,2,4,1,5,7,3,6], sm =[8,2,5,1,7,4,6,3],
oms =[8,2,4,7,1,6,3,5], smi =][8,2,4,7,3,6,1,5].
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sms =[8,2,5,3,7,1,6,4], gmi =1[8,2,6,1,5,3,7,4],
g™ =[8,2,4,6,1,3,7,5], gm =[8,2,5,1,6,3,7, 4],
sms =[8,2,5,1,6,4,7,3], gmg =[8,2,4,1,7,5,3,6],
smo = [8,2,5,7,3,1,6,4],  gmg =[8,3,6,1,5,2,7,4],
sTi0=[8,2,5,7,3,6,1,4], smlo=1[8,2,5,7,4,1,6,3],

and three self-dual configurations:

Ty = gmy = [8,2,4,1,6,3,7,5],
g3 = g3 = [8,2,5,1,7,3,6,4],
g6 = s = [8,3,6,1,4,7,2,5].

10.2. Basic cellular integrals
n=5
In simplicial coordinates (¢, t,), and o = (5, 2,4, 1, 3) we have

ti(t — )t — 1) dt dt,
and w,=-—"—"".
(t — Dty (t — Dty

fa:

From theorem 1.1, for example, we know that I,(N) is a linear form in 1 and ¢(2).
Furthermore, we verify that

L) = [ fun = axc) - by
Ss
where ay, by are solutions to the recurrence A005258 in [36]
(N +1)’uyis — (1IN? + 1IN + 3)uyy; — Nouy =0 (9.68)
with initial conditions ag = 1,a; = 3, by = 0,b; = 5. This is precisely Apéry’s
sequence for ¢(2). It is self-dual; i. €., the polynomial p(N) = 11N?+ 11N + 3 sat-

isfies p(—1 — N) = p(—N) (equivalently, the coefficient of N? equals the coefficient
of N).
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Remark. Changing to cubical coordinates via t; = xy, t, =y, we get

Lo

_// xy(l—w W1—y ))N dzdy

B (1 —=zy) 1 -2y
00

which, is exactly Beuker’s integral for (9.57).

n=6

There is again a unique convergent configuration up to symmetry, namely
o=1(6,2,4,1,5,3). In simplicial coordinates (¢, t, t3), we have

ti(ta — t1)(ts — t2)(ts — 1) dtdt,dt;

fo = o = (6 - and e =~ Dt = Dh

(9.69)

It follows, for example, from theorem 1.1 that I,(N) is a linear form in 1 and ¢(3)
only, i.e., the coefficient of {(2) that could have occurred by theorem 1.1 vanishes.
Furthermore

L(N) = / o = 2ay((3) — by

0<t,<tp<t3<1

where ay, by satisfy the recurrence (A005259 in [36])
(N4 1)’uyyy — 2N + 1) (17N> + 17N 4 S)uy 4y + Nouy =0 (9.70)

which is precisely Apéry’s sequence for ¢(3), with initial conditions ay = 1,a; =5
and by = 0,b; = 6. This equation is again self-dual, which implies that the
coefficient of uyy is of the form (2N + 1)(aN? + aN + b) for some a,b € Q.
By passing to cubical coordinates t| = zyz, t, = yz, t; = 2z and applying the change
of variables (5.46), we see that this family of integrals exactly coincides with Beuker’s
integrals (9.58). This follows on setting all parameters in (5.45) equal to N.

n=/

For o one of the five convergent configurations ;7;, for ¢ = 1,...,5 listed
above, the integrals I,(N) are distinct linear forms

an¢” + by¢(2) + ey
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for some I,(0) = ¢ € Q*¢(4), and ay, by, cy are solutions to an equation

PgZ)UNH + pﬁ”umz + p(IZ)UNH + pé’)uN =0

where p(i) are polynomials of degree 6 in N. The sequences ay appear to satisfy

interestirjlg congruence properties along the lines of [28].

The numbers which are observed to occur as basic cellular integrals (or indeed
as generalised cellular integrals) are indicated in the table below. A dark e indicates
that the corresponding period can occur with non-zero coefficient, a 0 indicates
that the corresponding period is not observed to occur in the generalised cellular

integrals. The sign of I;(0) has been chosen to make the integral positive.

Configurations | 1 | ¢(2) | ¢B3) | ¢(4) | IL.(0)
m | e | e | 0 | e %C(2)2
e | o | 0 | e %4(2)2
s | e | e 0 . ¢2)°
A lel o | 0 | e 17—04(2)2
my e | e | 0 | e %«2)2

For ;73 = (7,2, 5,1, 3, 6,4), the basic cellular integrals satisfy I} = (Iif‘)z,
the square of the Apéry sequences for ((2). The configuration 7/, of §7 is 77r1V.
n=8

Experimentally, we find that the 17 convergent configurations only give rise to

13 distinct families of linear forms, given in the table below.

Configurations | 1 | ¢(2) | ¢(3) | ¢(4) | <(5) | ¢(3)¢(2) I:(0)
g1 877\1/ ° . ° 0 0 ° 2C(2)C(3)

§Ty , sy | @ ° ° 0 . . ¢(5) +¢(3)¢(2)
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Configurations | 1 | ¢(2) | ¢(3) | ¢(4) | <(5) | C3)¢(2) I:(0)
874 , g5 | ® o b 0 * ® 9¢(5) — 2¢(2)¢(3)
gmy , s | o | o | e | 0 | e . 9¢(5) — 4¢(3)¢(2)
§T§ = 5T | @ J | 0 . . 16¢(5) — 8¢(3)¢(2)
§77 | @ J | 0 . ° ¢(5) +3¢(3)¢(2)
sm7 | e | e | e | 0 | e . ¢B3)¢(2) = <(5)
oTg | @ 0 . 0 . 0 2¢(5)
Ty | o | o 0| 0 . . 2¢(5) + 4¢(3)¢(2)
gTg | ® o . 0 o . 6¢(3)¢(2) — 7¢(5)
Ty | e | . 0 . . 4¢(3)¢(2) — 7¢(5)
80 | . . 0 . . 5¢(3)¢(2) — 8¢(5)
| o | e | e | 0 | e . 8¢(5) — 3¢(3)¢(2)

The values of the integrals I,(0) are consistent with Poincaré-Verdier duality:

[z (0) = |Lx (0)]  (mod ¢(2))

as expected, since the antipode acts by —1 on single odd zeta values (8.56). The
first set of entries of the table gives the series which is the product of the Apéry
sequences for ¢(2), ¢(3) via the multiplicative structure §6 (example 6.3)

Ixﬂ'l (N) = I57T|(N)I67T|(N)'

There is a unique entry, gmg = ®m,qq¢ Which gives a linear form in 1, {(3), ¢(5)
only. It is amply sufficient to prove that dimg(1, {(3), ¢(5))g > 2 but insufficient to
prove their linear independence. The dual 37r§/ of this sequence gives linear forms
in 1, ¢(2) and 2¢(5) 4+ 4¢(3)¢(2) from which we can extract linear forms in 1, {(5)
(see §7.1).

n=9

There are 105 convergent configuration classes. By computing all of them in
low degrees, one observes that all the linear forms vanish in weight 5, and so in
particular, the coefficient of {(5) and ((2)¢(3) always vanishes. All possible prod-
ucts of previously occurring sequences arise, namely, the product of the canonical
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sequence for M, s with one of the five sequences for M, 7, and the square of the
canonical sequence for M. Other than that there are five configurations

[9,2,4,1,8,6,3,5,7], [9,2,4,6,8,1,3,5,7], 9,2,5,8,1,4,7,3, 6],
[9,2,6,1,5,7,4,8,3],[9,4,8,3,7,2,6, 1, 5]

which give distinct irreducible sequences (i. e., not reducing to products of previously-

occuring sequences) which are new linear forms in 1, {(2), ¢(2)?, ¢(2)®. Generalising

such families may lead to new estimates for the transcendence measure of 2.
Finally, there are exactly four self-dual configurations

[9,2,4,1,5,7,3,8,6], 9,2,4,1,5,8,6,3,7],
[9,2,4,6,1,7,5,8,3], 19,2,4,7,5,1,6,8, 3]

which give (the same) linear forms in 1, {(3), {(3)?.

n=10

There are 771 convergent configurations. They all (experimentally) vanish in
sub-leading weight. Many cases are products of previously occurring sequences. We
find some new phenomena:

1. Odd zeta values only. A unique configuration wcl)gd which gives rise to a family
of linear forms in 1, {(3), ¢(5), ¢(7). It vanishes in weights 1, 2,4, 6.

2. Dual of the previous case. The configuration (m'%,)V gives a family of linear
forms in 1, (2), {(4), {; where ¢; denotes a multiple zeta value of weight 7. It
vanishes in weights 1, 3, 5, 6.

3. Double vanishing at next to leading order. Two families of linear forms (repre-
sented by (10, 2,4,1,6,8,5,3,9,7) for the first, and its dual for the second)
which give linear forms in quantities

1,¢(3),¢(4) and ¢

where (7 is an MZV of weight 7. These families vanish in weights 1, 2, 5, 6.
4. Vanishing in the middle. A unique family of self-dual linear forms (represented

by (10,2,4,1,6,3,8,5,9,7)), which give rise to linear forms in the quantities
1,{(2), ¢s and ¢;

where (5 and (7 are certain multiple zeta values of weights 5 and 7 respectively.
Therefore this family vanishes in weights 1, 3, 4, 6.
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These (experimental) examples show that the vanishing phenomena can be
quite diverse. It would be interesting to know if it is possible to find sequences
of higher order with stronger vanishing properties.

11. Appendix 3

The purpose of this section is to prove some vanishing of cohomology of the moduli
space motives m(A, B) in certain cases which include Apéry’s theorems.

11.1. Statement

DEefiNITION 11.1. Let A C Ho,g denote a boundary divisor. Say that A is cellular if
there exists a dihedral structure § on S such that the irreducible components of A are
exactly the divisors at finite distance with respect to 6. Equivalently,

A= |J Dgys
S=85,US,

where the union is over all stable partitions of S with S|, S, consecutive for §.
A divisor A is cellular if it is the Zariski closure of the boundary of a cell S5 for

some §. The following theorem states that cellular divisors always fulfil cohomological
vanishing in sub-maximal weights.

THEOREM 11.2. Suppose that A, B C -A_/lo,n are cellular boundary divisors with no
common irreducible components. Let £ = n — 3. Then

grym(A, B) = gryy_,m(A, B) =0 (11.71)

and gry m(A, B) and griym(A, B) are both 1-dimensional.

In the case n = 5 and n = 6, there is a unique choice of divisors A, B satisfying
the conditions of the previous theorem, up to automorphisms of M, ,,. Denote the
corresponding motives m(A, B) by ms and mg respectively. They could be called
Apéry motives by the following corollary.

COROLLARY 11.3. The basic cellular integrals for n = 5 and n = 6 (§10.1, §10.1)
are periods of ms, mg respectively. These motives satisfy

gt ms = Q(0) @ Q(-2),
gr mg 22 Q(0) @ Q(-3).
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In particular, this implies that the basic cellular integals for n = 5 give linear forms in
1,¢(2), and for n =6 in 1, {(3) only.

ProoOF. Use equations (3.23) and (3.26) to verify that for all N > 0,
Sing(f3jsws) = Sing(wy)

is cellular for n = 5,6. For n = 5 this is trivial, for n = 6 one must check the
divisor of singularities using (3.24) and (3.26). Therefore the basic cellular integral
I5/5(N) is a period of m(A, B) where A = Sing(wy), which is cellular by Lemma
3.4 and where B is the Zariski closure of the boundary of the domain of integration
Ss, which is cellular by definition. U

Unfortunately, the basic cellular integrals for n > 7 marked points have divisors
which are not cellular, but are weakly cellular in the sense, for example, of remark
5.3. It would be interesting to generalise the previous theorem to cover this case
(and even the case of generalised cellular integrals). This would explain the observed
vanishing of subleading coefficients in all cases.

11.2. Cohomology computations

We require the following general observations. Let X be a smooth projective
scheme over a field k of characteristic 0, and AU B a simple normal crossing divisor
in X. Denote the irreducible components of A and B by A;, B;, respectively, and
write Cy = X, and C; = N¢;C;, whenever C = A or C' = B, and I is an indexing
set. All cohomology has Q coefficients.

The relative cohomology spectral sequence is:

EPY = @ HY(B/\(BrnN 4)) = Herq(X\A, B\(BnN A)). (11.72)
Hl=p

The other spectral sequence we need is the weight (or Gysin) spectral sequence

B = @ BPUANp) = HUX\A) (11.73)
[1|=-p

which degenerates at F, for reasons of purity. The following lemmas give some
control over the lowest graded weight pieces of moduli space motives.
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We shall say that a boundary divisor D C /Wo,sl X ... X Mo,s, is at finite
(resp. infinite) distance with respect to dihedral structures §; on Si, ..., d, on S, if
its irreducible components are of the form mo, § X ... X Dyx...x MO,ST where
DC Ho,si is at finite (resp. infinite) distance with respect to §;.

When D is at finite distance, we say that D is complete if its set of irreducible
components consists of all divisors at finite distance, and broken otherwise.

LEMMA 11.4. Let §; be a dihedral structure on S;, for i = 1,2, where |S;| > 3. Let
CC ﬂo,sl X HO,SZ be a boundary divisor at finite distance with respect to 61, 0,. If
n =151+ [S:| =6 > 0 then

T p— _ Q(0)  if C is complete,
gro Hn(MO,S] X MO,SZ’ C) g
0 if C is broken.

PrOOF. The relative cohomology spectral sequence, applied to X = ﬂo,r X /Vo,s,
A =@, B= C, degenerates at E, because E’f’q is pure of weight ¢ in this case. This
implies that gr)’ H"(M,, x My, C) is the n!" cohomology group of the complex

EI,O _ HO(C@) _ @ HO(CI) N @ HO(CI) R @ HO(C’I) (11.74)

=1 [11=2 [I|=n

by assumption, the irreducible components of C' are in one-to-one correspondence
with a subset of the set of facets of the product X X X5, where X; = Ss denotes
the closure of a cell in the analytic topology. They have the combinatorial structure
of Stasheff polytopes. Consider the simplical complex S which is dual to the one
generated by the facets of X5, x X5,. Then the 0-simplices of S are indexed by facets
of X5, x Xs,, the 1-simplices by codimension 2 faces of X, X Xs,, and so on. Since
each X5, is homotopic to a ball, the same is true of X5 x X;,, and therefore S
is homotopic to its boundary, which is a sphere S*~! of dimension n — 1. The
complex (11.74), shifted by one to the left, computes the reduced cohomology
of the simplical subcomplex T' C S whose 0-simplices correspond to irreducible
divisors of C. Therefore, if C is complete, then T = S and the (n — 1)™ reduced
cohomology group of S is that of S*~! and one-dimensional. If C is broken, then
T C S is a simplicial subcomplex of a punctured n — 1-sphere, and homotopic to
a simplical complex in R”~2. Therefore its (n— 1)th cohomology group vanishes. []
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The following lemma provides a canonical basis for H? (Mo,s) for every dihedral
ordering d on S.

LEMMA 11.5. Let |S;| > 3, with dihedral orderings §; on S;, for i = 1,...,r. Then

H2(/Vo,sl X ..o X Mg ) = @[D]@(—l)

Dé€é.

where 0y, is the set of irreducible divisors at infinite distance, and for each D € 0,
[D] is the image of the canonical class of H 0(D) under the Gysin map

H'(D)(~1) = H*(Mys, X ... x Mys,) .

-

PROOF. Let r = 1. By the results of Keel [25], the Gysin map

P HD)(-1) — B (Mos)

DE(st(s»)o

where the left-hand sum is over all irreducible boundary divisors D, is surjective,

and its kernel is generated by relations

Z [Dsy1s,] = Z [Ds, s, (11.75)

{s.k}€8,.{i,l}€SH {i.k}eSi{5,1}€5

for all sets of four distinct elements 4, 7, k, I € S. We first show that

P E(D)(-1)—H*(My5) (11.76)

Dé€dy

is surjective. For this, choose i, j, k, I € S such that ¢ < j < k <[ are in order with
respect to 0 and the pairs {i, j} and {k, [} are consecutive, and {j, k},{l, ¢} are not
consecutive. Then there is a single term in (11.75) which corresponds to a divisor
in 67, namely Dg, |5, with Sy = {7,j+1,...,k}, S, ={l, 141, ..., i}. This proves
that the [D]g,s, for S|, S, consecutive are linear combinations of [D] with D € 6.
On the other hand, we know from [25], page 550, that the dimension of H?(M,_s)
is 271 — (") — 1, which by a straightforward calculation, is the cardinality of 0,

2
so (11.76) is injective. The case when r > 2 follows from the Kiinneth formula. [J
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The basis is functorial in the following sense. Let S have a dihedral structure 6,
and let B be an irreducible divisor at finite distance on Mo,g corresponding to
a stable partition S; U S, of S. Then B = /\_/lo,slugg X ﬂo,szuz and S; U x and
S, U z inherit canonical dihedral structures from 6. The restriction morphism in
this basis is

[D] —~ |[DN B : H (M) — H*(B) .

The key geometric property of cellular divisors is the following.

LEMMA 11.6. Let C C ﬂo,g be a cellular boundary divisor and let D be an irreducible
boundary divisor such that D C C and CN D # &. Then for all k > 0,

gr H(D,DNC) =0 .

PrOOF. Apply the relative cohomology spectral sequence with X = D, A = & and
B =CnND. It suffices to show that the complex

EY =H'(D) - @PHDNC) - EPHDNC) — ... (11.77)

i.J

is acyclic. Consider the simplicial complex T whose k-dimensional simplices are
given by codimension k intersections of irreducible components (D N C);, where
|I| = k. Then (11.77) computes the reduced homology of T. Now C is cellular with
respect to a dihedral ordering 4, and its irreducible components are indexed by stable
partitions of S which are consecutive with respect to §. Since D C C, the divisor D
corresponds to a partition V; UV, of § where V; are not consecutive with respect
to 8. The set S can be written as a disjoint union of subsets S=I, UL U...UI,,
where each I}, is maximal such that its elements are consecutive for ¢, and each I
is alternately contained in either V| or V;. The irreducible components of C N D
are indexed by stable partitions S = PU (S\P) where |P| > 2 and P ranges over all
consecutive subsets of each I, (see example below). Choose a k such that |I;| > 2.
Then the divisor corresponding to P = I}, intersects the divisors corresponding to
all other P;. It follows that the simplical complex T is a cone with apex P, and is
therefore contractible. U

EXAMPLE 11.7. Let S = {1,...,7} and 6 = §°. Then irreducible components of C
are divisors corresponding to stable partitions S;, S, of S where S;, S, consist
of consecutive elements. Let D be the divisor corresponding to the stable partition
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{1,4} U {2,3,5,6,7}. Then write S = {1} U {2,3} U {4} U {5,6,7}, and the
irreducible components of D N C correspond to stable partitions P; U (S\P;) where

P1:{273} ) P2:{576} ) P3:{6’7} ) P4:{596’7}

Denote by P;; = P;N P;, and P;;; = P;;N P;. The simplical complex T has vertices
Py, ..., Py, lines Py, P35, P4, Py, P34 and 2-faces P34, Pip4. Since P, meets all
other P;, the complex T is a cone, with apex P,, over the subcomplex generated
by Py, P,, P;.

LEMMA 11.8. Let C C Mo,s be a cellular boundary divisor with respect to §. Then
grgVHkH(mo’g, C)=0 Jorall k>0

and grgVH 2 (Mo,g, C) has dimension equal to the number of irreducible divisors D € 0,
on My.s which do not meet C.

PROOE. Apply the relative cohomology spectral sequence, with X = mo,s, A=0
and B = C. It degenerates at E, by purity. Thus gr) H¥*?(M, g, C) is the k™
cohomology group of the complex

Ey? = H(My,) —» @D H(C)) - @ H(Cij) — ..
% 1,5

By Lemma 11.5, this complex splits as a direct sum of complexes, one for each
irreducible divisor D € d4,. The previous complex is isomorphic to

P (F'0) > Prmnc) > P (DNC,) ... ) 2Q-1)

DEby, i,J

This is a direct sum of complexes (11.77), which are acyclic in the case that
CND# @ by Lemma 11.6. The only contributions are from the divisors D € §,
such that C N D = &, which each contribute a Q(—1) to E?’Z and nothing else. [J

By way of example: on ﬂoﬁ, with the standard dihedral ordering, there is a unique
irreducible boundary component which does not meet the standard cell, namely the
divisor defined by {135} U {246}. On M s there are none.
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11.3. Proof of Theorem 11.2

Let £ = n — 3. The restriction map
W ol (5 ~ Wk
grg H (Mo, B) — grg H (Mo, \A, B\(BN A))

is an isomorphism by a relative version of the Gysin sequence. Therefore grgV m(A, B) &

= (Q(0) follows from Lemma 11.4, and grg‘gm(A, B)ar = Q(—¥) follows by duality.
Next, apply the relative cohomology spectral sequence (11.72) with X = Moﬁn.

By general facts about mixed Hodge structures (or from (11.73)), we know that

B = P H'(B/\(B; N 4))
|7|=p

has weights in the interval [gq, 2q|. Therefore it suffices to prove that
gr%_zE‘lu =0 and grglg_zE{’e_l =0.
First of all,
ery_y BV = ey H (Myn\A) & () H (Mo, 4))"

by duality. This vanishes for £ > 2 on application of Lemma 11.8. For £ = 2 (n = 5),
it vanishes from the second part of the same lemma and the remark following it.
On the other hand,

ey B = @D ey, BT (BA(BiN A) 2 P (erg m(Bi, Bin A))"

7 i

by duality. The summands on the right vanish by Lemma 11.6, since A is cellular.
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