ALMA MATER STUDIORUM
UNIVERSITA DI BOLOGNA

DOTTORATO DI RICERCA IN
MATEMATICA
Ciclo 37

Settore concorsuale: 01/A2 - GEOMETRIA E ALGEBRA

Settore Scientifico Disciplinare: MAT/03 — GEOMETRIA

COHOMOLOGY AND COMBINATORICS OF ABELIAN ARRANGEMENTS

Presentata da: Maddalena Pismataro

Coordinatore Dottorato Supervisore

Giovanni Mongardi Roberto Pagaria

Esame finale anno 2025






Abstract

The study of hyperplane arrangements, originating in the 1960s, has seen
recent advancements that renewed interest in generalizing classical results
to broader contexts. This thesis aims to extend foundational results by
investigating both cohomology and combinatorics in the wider framework of
abelian arrangements.

We begin by presenting the cohomology ring of the complement of abelian
arrangements. Using a technique that pushes forward cohomological rela-
tions from the real hyperplane case, we develop an Orlik-Solomon type pre-
sentation for noncompact abelian arrangements. This approach provides
both an original result for the general case and a new proof of the Orlik-
Solomon presentation for complexified hyperplane arrangements, as well as
the De Concini-Procesi presentation for unimodular toric arrangements.

We then turn to combinatorial aspects, introducing definitions for induc-
tively and divisionally free abelian arrangements based on poset structures.
After proving the factorization of their characteristic polynomial, we show
that inductively free arrangements include strictly supersolvable arrange-
ments as a proper subclass, extending a well known result of Jambu and
Terao. We further apply these findings to toric arrangements associated
with ideals of root systems of types A, B and C, showing their inductiveness
and providing a formula to compute all exponents.

Finally, we move beyond the abelian context to study elliptic arrange-
ments from a new perspective: we focus on elliptic curves with complex
multiplication, where the endomorphism ring strictly contains Z, and this
leads to significantly different behaviors. We compute the number of con-
nected components in the intersections of any subset of the arrangement
and use this result to associate an arithmetic matroid structure to an ellip-
tic arrangement, opening new possibilities for further studies in generalized
arrangement theory.
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Introduction

The study of hyperplane arrangements is a classical subject whose study
goes back to the sixties. It is originally motivated by the relations with
braid groups [Del72], configuration spaces [CLMT6], singularity theory and,
from a more combinatorial point of view, by matroids.

In the last few years, new developments in matroid theory renewed the
interest in the topology of arrangements and their compactifications: June
Huh proved inequalities for invariants of realizable matroids by using prop-
erties of hyperplane arrangements [Huh12], that were later generalized to
all matroids [AHK18]. Furthermore, hyperplane arrangements have found
applications as local models in algebraic geometry, especially in moduli prob-
lems [dCHM21, MMP23].

This renewed interest has led to an increasing attention towards extend-
ing the known properties of hyperplane arrangements to toric arrangements
and, more generally, to abelian arrangements. In the 2000s, De Concini and
Procesi [DCP05], motivated by the application to knapsack problem, started
the study of toric arrangements, presenting the cohomology ring of their
complement in unimodular cases, a result later generalized by |[CDD™20).
D’Adderio and Moci [DM13], and Branden and Moci [BM14] further devel-
oped the theory of arithmetic matroids, offering a combinatorial counterpart
to the geometry of toric arrangements. Finally, most recently, Bibby [Bib16]
introduced the definition of abelian arrangements and, together with Deluc-
chi [BD22], investigated in this context properties such as supersolvability
and fiber-type.

This thesis aims to delve deeper into the study of abelian arrangements,
broadening and generalizing concepts that are well known in classical cases.
In the first chapter, we present the cohomology ring of the complement of
abelian arrangements. We then turn to the combinatorial aspects in the
second chapter, providing a new definition of inductive and divisionally free
abelian arrangements and exploring their properties. In the final chapter, we
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2 Contents

shift our focus to investigate elliptic arrangements, a relatively unexplored
topic in the literature. We provide a more general definition of elliptic
arrangements which, in the case of complex multiplication, leads to consid-
erably different phenomena. Let us proceed with a deeper discussion of each
chapter.

In Chapter 1, we provide a presentation of the cohomology ring of the
complement of an abelian arrangement. Before proceeding to this, we first
introduce definitions and notations of abelian arrangements and review clas-
sical cases, which have been studied since the 1960s and of which abelian
arrangements are a generalization.

A milestone is the famous result by Orlik and Solomon [OS80], who
presented the cohomology ring of complex hyperplane arrangements through
generators and relations. In the first section of the chapter, we present their
construction of an algebra, defined as the quotient of an exterior algebra
by an ideal, that they proved to be isomorphic to the cohomology and fully
combinatorially determined, finding a basis of the so called nbc-sets.

We then focus, in section 2, on real hyperplane arrangements, highlight-
ing the work of Gelfand and Varchenko [VG87]. They provide a presentation
of the cohomology ring of the complement as the ring of functions from the
chambers to the integers, with the generators represented by Heaviside func-
tions. Although they did not find a geometric connection between the real
and complex cases, they observed that one of their relation is an analogue
of a relation of Orlik and Solomon for differential forms.

Chronologically following these results are those concerning subspace ar-
rangements. Goresky and MacPherson [GMS88] determined the cohomology
of subspace arrangements as a module, and a rational model was provided
by De Concini and Procesi [DCP95|]. The multiplicative structure of the
integral cohomology ring was later studied by Feichtner and Ziegler [FZ00],
de Longueville and Schultz [dLS01] and Deligne, Goresky and MacPher-
son [DGMO00]. Then, Moseley [Mos17] found an isomorphism between the
algebra of Gelfand and Varchenko and the cohomology of (subspace) ar-
rangements in (R3)".

A significant generalization involves toric arrangements. De Concini
and Procesi [DCP05] provided an Orlik-Solomon type presentation for toric
arrangements in the unimodular case, which is discussed in section 3 of
this chapter. This result was later extended to all toric arrangements in
[CD17, ICDD™ 20|, employing the technique of separating covers, which we
utilize in our work.

In the broader context of abelian arrangements, however, few results
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are currently known. Bibby [Bib16] computed the Euler characteristic for
complex groups, while Liu, Tran, and Yoshinaga [LTY21] described the
additive structure of the cohomology in the case of noncompact abelian
groups. In the final section of the first chapter, we present a new and uniform
approach to the cohomology ring of noncompact abelian arrangements. Our
technique consists in the pushforward of the cohomological relations from
the real hyperplane case, [VG8T], to the general case of noncompact abelian
arrangements. The main result of this chapter (Theorem is an Orlik-
Solomon type presentation of the cohomology ring of noncompact abelian
arrangements, stating the following

Theorem A. Let A be an arrangement in G”, where G = R® x (S1)® with
b > 0. The integer cohomology of the complement H*(M (A); Z) is generated

by classes nw,a,B (see Equation (1.15))) with relations -.

Through this, we obtain a new proof of the Orlik-Solomon result [OS80]
for complexified hyperplane arrangements and the De Concini-Procesi pre-
sentation [DCPO5] for unimodular toric arrangements, as well as a presen-
tation for subspace arrangements. In all other cases our result is original.
This is a joint work with Evienia Bazzocchi and Roberto Pagaria [BPP24].

Beside the study of the cohomology ring of the complement, arrange-
ments have been widely investigated under many aspects and one of these
is freeness. An hyperplane arrangement is said to be free if its module of
logarithmic derivations is a free module. A remarkable theorem connecting
algebra and combinatorics of arrangements, due to Terao, asserts that if an
arrangement is free, then it is factorable and its combinatorial exponents co-
incide with the degrees of a basis for the derivation module. Based on this,
Terao conjectured that freeness is a combinatorial property [OT92, Conjec-
ture 4.138], and this conjecture remains open till now even in dimension
3.

A natural approach to Terao’s conjecture is to identify classes of ar-
rangements whose freeness is combinatorially determined. In [Ter80], Terao
introduced the class of inductively free arrangements in the context of prov-
ing the famous addition-deletion theorem for free arrangements. This class
consists of arrangements constructed from the empty arrangement by se-
quentially adding hyperplanes, subject to conditions on inductive freeness
and a divisibility condition on the characteristic polynomials. Jambu and
Terao [JT84] showed that this class includes the significant one of super-
solvable arrangements, first defined by Stanley [Sta72]. Later, Abe [Abel6],
improving the addition-deletion theorem, refined this concept by defining a
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proper subclass of arrangements called divisionally free arrangements. Both
inductively and divisionally free arrangements are combinatorially deter-
mined and factorable, forming proper subclasses of free arrangements.

The main motivation of Chapter 2 is a pursuit of a theory for free abelian
arrangements. Nothing is still known about how to pass from algebraic con-
sideration of freeness of hyperplane arrangements to abelian or just toric
arrangements. However, at the purely combinatorial level using only infor-
mation from the posets, it is possible to define and study the combinatorial
structures of abelian arrangements and geometric posets in the same way
that inductive freeness and divisional freeness do for hyperplane arrange-
ments and geometric lattices.

In the first section of Chapter 2, we provide a brief survey on supersolv-
ability, both in hyperplane case [Sta72] and in abelian case [BD22], freeness
and their related topological consequences. Right after, we define inductive
and divisional arrangements in the abelian context, starting from combina-
torial properties of the associated poset of layers, and prove the factorization
of their characteristic polynomials.

Theorem B. Let A be an abelian arrangement. If A is divisional, then it
is factorable.

In section 3, we generalize the classical result of Jambu and Terao [JT84]
for hyperplane arrangements which states that the class of supesolvable ar-
rangements is a proper subclass of free arrangements.

Theorem C. Let A be an abelian arrangement. If A is strictly supersolv-
able, then it is inductively free.

Finally, applying this notion to toric arrangements, we obtain the fol-
lowing

Theorem D. FEvery toric arrangement defined by an arbitrary ideal of a
root system of type A, B or C with respect to the root lattice is inductively
free.

We not only prove that all toric arrangements of this type are inductively
free, but we also provide a formula to compute all exponents. The content
of this chapter is a result of a joint work with Roberto Pagaria, Tan Nhat
Tran and Lorenzo Vecchi [PPTV23].

The research presented in the first two chapters focuses on noncompact
abelian arrangements, primarily because the compact case is considerably
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more difficult to handle, especially from a cohomological point of view. In-
deed, the existing literature on compact abelian arrangements is limited,
with results only in low-dimensional cases. For instance, Bibby, in [Bib16],
constructed a spectral sequence for the cohomology of the complement of
abelian arrangements when G = (S')?, known as elliptic arrangements, but
even basic invariants as Betti numbers remain unknown. Motivated by these
gaps, we have chosen to explore this topic further, though with a different
perspective from the traditional approaches found in the literature. This is
the focus of Chapter 3, which presents the first results in this direction of
an on-going project with Roberto Pagaria and Alejandro Vargas.

This chapter aims to explore elliptic arrangements in the context of el-
liptic curves with complex multiplication € = C/A. As mentioned, research
has focused on cases where the endomorphism ring of an elliptic curve is Z,
restricting to only multiplication by integers. In the case of complex multi-
plication, the endomorphism ring of £ is an order in the integers ring of an
imaginary quadratic number field (see Lemma .

The first section of this chapter defines elliptic arrangements with com-
plex multiplication and provides a description of R := End(€). Then, the
second section addresses a fundamental question that arises when dealing
with arrangements that are not hyperplane arrangements: how to compute
the number of connected components in the intersection of any subset of
the subvarieties of an arrangement. We compute these components, prov-
ing the theorem below using techniques involving snake lemma, short exact
sequences and Smith normal forms.

Theorem E. Let A be an elliptic arrangement and S be a subset of its
elements. Then, the number of connected components in the intersection
NS s given by

m.A(S) = # tor coker Ap[S] = # tor coker Ag[S],
where A is the matriz associated with the arrangement.

Finally, in section 3, we complete our combinatoric focus by showing
that it is possible to associate the structure of an arithmetric matroid to an
elliptic arrangement, as it happens in the toric case. Indeed,

Theorem F. The triple ([k],tka,m4), encoding the information of codi-
mension and number of layers of intersections of an elliptic arrangement,
defines an arithmetic matroid.

The hope is that this work will open the door to a deeper study of a new
and more general type of arrangements.
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Chapter 1

Cohomology

This chapter is dedicated to presenting the cohomology ring of the com-
plement of an abelian arrangement. The first section aims to give a brief
introduction to the definitions and notations in arrangement theory, ap-
plied in the abelian context. The following sections review the state of the
art, discussing results for complex and real hyperplane arrangements and
toric arrangements. In the final section, we provide an Orlik-Solomon type
presentation of the cohomology of the complement in the abelian case (The-
orem , addressing both central and non-central, unimodular and non-
unimodular cases. We conclude with an application of the main theorem to
the arrangements of type A, improving a result of [CT78] on configuration
spaces in R x (S1).

1.1 Introduction to abelian arrangements

The central subject, around which the entire work is built, is abelian ar-
rangements. Let us therefore begin by providing some preliminaries, includ-
ing their definition and few important related aspects.

Definition 1.1.1. Let G be an abelian connected Lie group, G = R?x (S1),
of real dimension g := a+ b canonically oriented, e = (0,---,0,1,---,1) the
unit of G and let A = Z" be a lattice with the choice of an orientation, so that
G" has a natural orientation. Every x € A defines a morphism x : G" — G.
Let E be a finite set with a total order, then an abelian arrangement is a
finite collection of connected subvarieties in G defined by a finite list of
functions x; and elements g; € G indexed by E, i.e.

A= {H; == x; " (g:) }iep-

7
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This definition, when applied to specific values of (a,b), corresponds to
well known types of arrangements. For instance, if (a,b) = (0,1), then
G = R and A is a real hyperplane arrangement, while for (a,b) = (0,2) it
becomes a complex hyperplane arrangement with rational coordinates. If
(a,b) = (1,1) then G = C* and A is a toric arrangement. Finally, if a = 0,
we obtain arrangements that are particular cases of subspace arrangements.

Abelian arrangements are the main characters of the first two chapter
of this thesis. It is important to observe, however, that in both chapters we
exclusively consider cases where G is noncompact, i.e. b > 0.

Definition 1.1.2. Given an arrangement A = {H;};cg, the complement of
the arrangement is
M(A) =G\ | H..
€D
We also denote M (A) by M%*(A), when we need to specify what abelian
group G = R® x (S1)® we are working with.

By examining the intersections of the arrangement’s subvarieties, we
introduce two further important definitions.

Definition 1.1.3. An arrangement A = {H; };cp is called central if Njep H; #
(). In this case, you may assume that for each i € E, g; = e € G.

An arrangement A is called unimodular if all the possible intersections of
elements in A4 are either connected or empty.

This chapter gives a presentation of the cohomology of M (A), covering
all possible cases, both central and noncentral and distinguishing between
unimodular and nonunimodular. Instead, the following two chapters focus
exclusively on the central case.

One of the first aspects to consider when studying an arrangement is its
combinatorial structure, for instance the number of the layers, the connected
components of the intersections and hence the poset of layers.

Definition 1.1.4. Given an abelian arrangement A = {H, };cg, its poset of
layers L(A) is the set

L(A) := {nonempty connected components of N;ep H; | B C E},

ordered by reverse inclusion. Define rk(.A) to be the rank of L(A), i.e. the
rank of a maximal element in L(A).
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Remark 1.1.5. Tt is both interesting and useful to highlight the structure
of the poset of layers of an arrangement. For central hyperplane arrange-
ments, this poset is a geometric lattice. However, in more general cases,
the uniqueness of the join is not satisfied due to the possibility of multiple
connected components in the intersections. Nevertheless, it keeps similar
properties that reflect the underlying geometry. Indeed, the poset of layers
in toric or more general abelian arrangements is a geometric poset [Bib22].
We will delve deeper in this topic in Chapter 2.

Having shown that a poset structure can be associated with an arrange-
ment, we now introduce a classical object that can be studied in relation to
this structure.

Definition 1.1.6. Given an arrangement A, the characteristic polynomial
xA(t) of A is defined by

xalt):= Y p(T, X)),
XeL(A)

Here p := pup(4) is the Mobius function of L(A).

Remark 1.1.7. The characteristic polynomial of an arrangement A is closely
related to the classical characteristic polynomial of L(.A). Indeed, note that
xa(t) = t9lt=rk(A) Xr(4)(t?) which has degree gf. In particular, if A is
essential, i.e. tk(A) = £, and g = 1, then xa(t) = x1(4)(?)-

When dealing with arrangements, a fundamental technical tool is the
method of deletion-contraction, which allows induction on the number of
subvarieties in an arrangement.

Definition 1.1.8. Given an abelian arrangement A and fix a subvariety
H € A, we define the deletion of H as A’ := A\ {H} and the restriction
to H as A" = {HNK | K € A,}. When the hyperplane H with respect
to which we are applying deletion and restriction is clear from context, we
denote the deletion by Ay and the restriction by AX.

Lemma 1.1.9. Let A be an abelian arrangement. Let H € A and X € L(A)
be the corresponding layer. Then L(Ag) ~ L(A)<x and L(A?) = L(A)>x.

From this Lemma, we have that L(A") = L(A)" and L(A") = L(A)".
For the sake of notation we denote L(A)" as L' and L(A)" as L".

The following theorem is well-known in the literature, with different
proofs depending on the context and type of arrangement.
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Theorem 1.1.10. Let A be a nonempty abelian arrangement and H € A.
The following deletion-restriction formula holds

xa(t) = xar(t) — xar(t).

It is natural to ask whether the characteristic polynomial factors and
what its roots are. Indeed, its factorization is a consequence of several
properties that have been studied in the context of hyperplane arrangements
since the beginning, such as supersolvability and freeness, both of which
have significant implications not only combinatorially but also topologically.
With the recent renewed interest in arrangements, research has focused on
extending all these concepts to broader contexts. In this regard, let us define
the Poincaré polynomial of an arrangement, which, as we will see later in
the chapter, is closely related to the characteristic polynomial.

Definition 1.1.11. Given an arrangement A, the associated Poincaré poly-
nomial is

Pa(t) =" dim HP (M (AP = by(M(A))tP.

p=>0 p=>0

1.2 Complex hyperplane arrangements

The complement of certain hyperplanes in complex space has been an impor-
tant area of study since the '60s. The first arrangement that has been con-
sidered is the braid arrangement A, = {H; j := ker(z; —z;) | ¢, € [{], i # j}
with complement given by M (A,) = {z € C%|2; # z; for i # j}. In [Arn69),
Arnol’d proved that

Pa,(t) =1 +t)(1+2t)...(1+ (I —1)t).

He constructed a graded algebra A as the quotient of an exterior algebra
by a homogeneous ideal and showed that there is an isomorphism of graded
algebras H*(M(Ay)) = A. This provides a presentation of the cohomology
ring of the pure braid space in terms of generators and relations. Brieskorn,
in [Bri72], extended Arnold’s work by generalizing the symmetric group and
braid arrangement to a finite Coxeter group and its reflection representation.
He also proved a result that became one of the most powerful tools for un-
derstanding and studying the cohomology of the arrangement complements,
a result that will see further generalizations in this chapter. This significant
result, known as Brieskorn’s lemma, gives a sense of how the cohomology
ring of an arrangement’s complement can be described by local properties.
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Lemma 1.2.1 (Brieskorn’s Lemma, [Bri72]). Let A be an arrangement. For
all k the map

P H(M(Ax);Z) » HY(M(A); Z)
XeL, tk(X)=k

induced by the inclusions M(A) — M(Ax) is an isomorphism of groups.

The study of the cohomology of the complement of a hyperplane ar-
rangement in a complex space finds his first generalization in the work of
Orlik and Solomon, [OS80]. They described the cohomology, giving gener-
ators and relations, by contructing an algebra which is the quotient of an
exterior algebra by an ideal. Let us go through their ideas, which will be
elaborated upon later in the final section, where original results concerning
a generalization of these arrangements will be presented. Here we avoid
technical proofs for a matter of length.

Let A = (Hy,...,Hy,), where H; = ker(x; : C" — C) for each i € [n],
be an hyperplane arrangement in a complex vector space V, and M :=
M(A) =V \Up,cq Hi its complement. First, observe that the complement
of a single hyperplane M; := V'\ H; is homotopy equivalent to C* through the
projection y; : M; — C* onto a complex line that intersects H; transversely.
A generator of H'(C*) ~ Z is represented by the form

1 dz
W= ——.
2w 2
The pullback in cohomology of the inclusion M — M; gives us an element

of H'(M) of the form
o 1 dXi

Wi = ——
270 X

where y; is the linear form associated to H;. As we will see later on this
section, these cohomology classes w; generate H*(M). However, to give a
presentation of the cohomology we need more ingredients.

Denote by E; the free abelian group generated by {eg}mgc4, i.e. Ey =

@®uealer. We will write e; := ep,. Furthermore, let E be the exterior
algebra of F1, E = E(A) = A(E}). The algebra E is graded indeed, if for
every [n] D S = {i1,...,ir} we denote

es =€y N Nej,
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and the k-th graded piece E}, is the free Z-module generated by the elements
{es| |S| = k}. The derivation 0 : E — E defined by

k
O1=0, deyy = Land, for k > 2, des =Y (~1)leg\qi,)
j=1

endow F with the structure of a differential graded algebra.

For any S = {i1,...,it}, S C [n], we denote NS = NjcgH;. We say
that S is dependent if r(NS) # 0 and = codim(NS) < |S|, and independent
if r(NS) = |S|. Being dependent for S is equivalent to the corresponding
linear forms defining the hyperplanes x;,,..., X, to be linear dependent
on C. These dependent sets have a crucial role in the description of the
relations of the cohomology, as shown by the following results.

Definition 1.2.2. Let A be an arrangement, the Orlik-Solomon ideal of A
is the ideal I = I(A) of E generated by all monomials eg with NS = () and
all elements deg such that S is dependent, namely

I=(eg|NS=0)+ (deg| S dependent).

The quotient algebra A = A(A) = E/I is called the Orlik-Solomon algebra
of A. Note that I is a homogeneous ideal, hence A is a graded algebra.

The set of generators in Definition [1.2.2] can be reduced in number. We
call circuits the dependent subsets of [n] minimal with respect to inclusion,
then we have the following.

Lemma 1.2.3. The Orlik-Solomon ideal I(A) is generated by all monomial
es with NS = () and the elements der for all circuits T.

Remark 1.2.4. In [OS], the study of A was divided into two cases: when
the arrangement is central, and when it is affine. The central case is more
straightforward, for instance, there are no monomials eg with NS = (), and
hence the structure of I is easier to handle. In the noncentral case they
applied a coning construction to centralize the arrangement. Once the nec-
essary results were established in the coned case, they extended the conclu-
sions to the general case via short exact sequences.

The Orlik-Solomon algebra we just constructed is crucial, as it precisely
corresponds to the cohomology we wanted to investigate. Indeed, if we define
a homomorphism of graded algebras

¢ E/I — H*(M)

sending e; — w;, the following holds.
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Theorem 1.2.5 (Orlik-Solomon’s Theorem, [OS80]). The map ¢ is an iso-
morphism, i.e. A(A) = H*(M(A)).

They proved this theorem by employing a third isomorphic graded mod-
ule, whose basis is constructed over the so-called “non-broken circuits”. To
offer a brief overview and give a sense of the underlying concepts, we now
introduce a few key definitions. These constructions rely on the choice of a
total order on A, and, for simplicity, we identify this order with the natural
ordering on [n].

Definition 1.2.6. The set S C [n] is a broken circuit if there exists an index
i such that SU{i} is a circuit and ¢ > j forall j € S. If aset S C [n] does not
contain broken circuits, it is referred to as an nbc-set, and the corresponding
monomial eg € F is called an nbc-monomial.

The broken circuit module C = C(A) is defined as follows. Let Cyp = Z, and
for k > 2 let C}, be the free Z-module with basis {eg|S nbc—set s.t. |S| = k}.
Let C' = ®1>0Ck, it is a free graded Z-module.

The idea of using non-broken circuit sets to construct a basis has its
origins in matroid theory, introduced by Stanley in the case of supersolvable
arrangements [Sta72]. This concept was later generalized to arbitrary hy-
perplane arrangements by Orlik and Solomon, who established the following
isomorphism.

Theorem 1.2.7 ([OS80, Theorem 3.7]). For every arrangement A, the bro-
ken circuit module C(A) and the Orlik-Solomon algebra A(A) are isomorphic
as graded Z-modules and {es + I € A(A)|S nbc — set} is a basis for A(A).

Remark 1.2.8. Notice that this result proves that A(A) is a purely combi-
natorial object that only depends on the poset of layers L(.A). Hence, the
cohomology ring admits a presentation that is entirely combinatorial.

Employing the non broken circuit basis, deletion and restriction argu-
ments and the Brieskorn lemma, Orlik and Solomon managed to prove that
A(A) = H*(M).

In addition to the foundational works on the cohomology of complex
arrangements, such as those by Arnold, Brieskorn, and Orlik-Solomon, sev-
eral other important contributions have since emerged in the literature, each
employing distinct techniques and approaches. One of the key works is by
Goresky and MacPherson [GMSS]|, where they employed stratified Morse
theory to study the cohomology of real subspace arrangements. They intro-
duced a stratification of the Euclidean space determined by the arrangement,
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indexed by flats, and realized the complement as one of open stratum. More-
over, Deligne, Goresky, and MacPherson explored the multiplicative struc-
ture of the cohomology, in [DGMO00]. Further advances have been made by
De Concini and Procesi, in [DCP95], who introduced a model, known as
“wonderful model 7, for the complement of the arrangement, which is an
explicit, combinatorially defined sequence of blow-ups. Employing Morgan
technique they were able to compute the rational cohomology of the com-
plement. These works all focus on the more generalized case of subspace
arrangements. Lastly, Yuzvinsky, in [Yuz91], simplified the De Concini-
Procesi model linking the topological insights of Goresky-MacPherson and
the geometric models of De Concini-Procesi in the divisorial case.

1.3 Real hyperplane arrangements

In the previous section, we discussed the first generalization of the study of
the complement of arrangements, specifically focusing on the complex case.
Now, we turn our attention to the case of real hyperplane arrangements.
In 1987, Gelfand and Varchenko, in [VG87], presented a significant result
on the cohomology of a real hyperplane arrangement. In this section, we
will provide an overview of their approach and give a brief insight into their
findings.

If A is a real hyperplane arrangement, the topology of M(A) does not
look very complicated: the complement is a collection of open polyhedral
cones. Zavlasky counted the number C'(A) of regions forming this space in
terms of the Mobius function of the poset of layers of the arrangement.

Theorem 1.3.1 (Zaslavsky’s Theorem, [Zas75]). Let A be a real hyperplane
arrangement. The number of regions of M(A), called chambers is given by

C(A) = > (0, X)| = xa(-1).
XeL(A)

Indeed, with this result it is possible to give an isomorphism of algebras
H*(M(A)) = H(M(A)) = 7|9

for any real arrangement A where C(.A) is the set of the connected compo-
nents of the complement M (A).
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Given a real arrangement A, Gelfand and Varchenko constructed an
associated ring of functions VG(A) that is isomorphic to the cohomology
ring of the complement of .A. Namely, VG(A) is the ring of function from
the chambers of the arrangement to the integers, with pointwise addition
and multiplication. They provided an alternative presentation of this ring,
along with a filtration and its associated graded ring, whose Hilbert series,
which is completely determined by L(A), is the Poincaré polynomial of the
complement. Let us now give some definition to understand their ideas.

Definition 1.3.2. Let A = (Hy,...,H,) be a real arrangement, M its
complement and 1, ..., X, the associated linear forms defining the hyper-
planes. For each hyperplane consider the Heaviside functions on M, namely
for every i € [n] let e; = 0+, ie. ei(v) = 1if x;(v) > 0 and e;(v) = 0 if
xi(v) < 0. Let VG(A) be the ring generated by these functions, called the
Varchenko-Gelfand ring, hence the ring whose elements are polynomials in
the e; with integer coefficients.

Let us define an increasing filtration
oOochcCchPC---CP,=VG(A),

where Py is the subspace of functions representable by polynomials, in the
elements e;, of degree at most k. With this filtration, Varchenko and Gelfand
proved an analogue version of the Brieskorn Lemma in the real case.

Lemma 1.3.3. The natural map

D Py(MX) /Py 1 (M™) = P(M)/ Py 1 (M)
XEL(A) tk(X)=k

is an isomorphism for any k > 0.

To give another presentation of the Varchenko-Gelfand ring, which is
isomorphic to the one just defined and offers a better understanding of its
structure, we first need to introduce a few additional notions. Let us begin
with the definition of a signed circuit C' = (cy,...,ck), that is, as the name
suggests, a circuit with signs s; € {4, —}, satisfying

k

Z $imiXe; = 0,

=1

for some positive integers m;. Let us write C' = C* LU C~, where CT is the
set of indices such that s; = + and C~ the complement.
The following result is fundamental for our purpose.
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Theorem 1.3.4. The Heaviside functions e;, i € [n], satisfy the following
relations

o for any 1, e? —e; =0y

e for any signed circuit C = CT LU C™,

H € H(ek—l)— H(ej—l) H ek:0.

jeCt  keC— jeCTt keC—

Let I be the ideal of P(M) generated by these relations.
Having defined the ideal I, we are now able to state the main results.

Theorem 1.3.5 ([VG87, Theorem 6]). Let A be a real arrangement and I
defined as above, then

VG(A) = Zlex,...,en) /1.

Furthermore, it holds

VG(A) = H*(M(A)).

Note that the cohomology ring is entirely generated in degree 0. Fur-
thermore Gelfand and Varchenko, analogously to the complex case, proved
that VG(A) has a Z-basis of monomials indexed by no broken circuit sets
of A. In addition, since the number of broken circuits of A is equal to the
number of chambers of A, they proved the following.

Theorem 1.3.6. Let A be a hyperplane arrangement, then
H*(M(A),Z) _ HO(M(.A);Z) ~ Z|nbc—$€t8 Of Al ~ Z'C(‘A)'.

To conclude and provide a complete overview on the topology of comple-
ments of real arrangements, we refer to the work in [DB23], where Dorpalen-
Barry extended this study. While the results presented here and all Gelfand
and Varchenko’s analysis focus on central arrangements, she extends their
work to cones, which are intersections of open half-spaces defined by some of
the hyperplanes in A. Cones connect central and affine arrangements while
generalizing both, and they can be viewed as conditional oriented matroids.
The techniques employed are inspired by Grobner basis theory.

The presentation of the cohomology of the complement of real arrange-
ments will be revisited later in the final section of this chapter, where it will
prove useful, with slight changes to the notation.
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1.4 Toric arrangements

The development in the theory of arrangements has progressed by further
generalizing to the study of toric arrangements, which can be seen as a peri-
odic analogue of hyperplane arrangements. In this case, unlike the approach
taken in previous sections, the techniques used to describe the cohomology
of the complement of the arrangements do not involve constructing an al-
ternative algebra to which the cohomology is isomorphic. In this section,
we follow the important work of De Concini and Procesi [DCP05|, which is
among the first contributions to this topic.

We begin by introducing some basic definitions. Recall that the algebraic
torus over C can be expressed as T' = homy (A, C*), where A is its character
group, A =2 7Z". As mentioned in the first chapter, we consider the analogue
of a hyperplane to be a translate of the kernel of a character y, specifically
the hypersurface H, , given by the equation 1 — gx = 0 for some g € C*. A
toric arrangement is a finite collection of hypersurfaces indexed by a set with
a total ordering F/, namely A = {H; := Hy, ,, }ice. Denote its complement
by M(A).

Let us now consider some differential forms that will play a crucial role in the
description of the cohomology of M (A). First, recall that the cohomology
of the torus T is generated by the closed differential forms

dlogx, x € A.

The space of these invariant 1-forms is isomorphic to A ® R, which is a
vector space of dimension equal to the rank of the torus. These forms not
only generate the basic cohomology of the torus, but they form part of
the cohomology basis for each component W of the arrangement, where
W is isomorphic to a lower-dimensional torus. We write, for a first set of
generators,

; := dlog x;, for any H; € A.

The second set of generators comes from the hypersurfaces that define the
toric arrangement, encoding its combinatorics, and is given by

w; == dlog(1 — gix;), for any H; € A

In general, these forms are not sufficient to generate the full cohomology
unless the arrangement is unimodular (where certain conditions on linear
independence hold). Recall that an arrangement is unimodular if all the pos-
sible intersections are either connected or empty. Nevertheless De Concini
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and Procesi managed to give a satisfactory description in term of explicit
differential forms for H*(M(A); C).

Theorem 1.4.1 ([DCP05, Theorem 4.2]). For each integer i > 0, we have
a (non canonical) decomposition, as W runs over the components of the
arrangement

H’L(M(.A), (C) — @ HifcodimW(W) ® Vv,
WeL(A)

where each W is isomorphic to a torus, and its cohomology is generated by
the forms dlog x associated with characters in A. The space Vi, which de-
pends on the combinatorics of the arrangement, can be identified to the top
cohomology of the hyperplane arrangement defined by the differential, at a
given point of W, of the functions w; vanishing on W.

More precisely, the following result identifies the generators for the co-
homology as well as the relations among them.
Let us write wy for the product of all forms w; where i € A C [n] and
similarly for 1 4.

Proposition 1.4.2. Let A = {Hi}ie[n] be a unimodular toric arrangement.
Then H*(M(A);C) is the ring H*((C*)")[wilic|n) with relations

o wi; =0 for all i;

e for each circuit C, let c = maxC and S = C'\ ¢,

ws = S () IHISTHD s

where the sum is taken over all I C S with complement B = S\ I, {(I)
is the parity of the permutation reordering (I, B) and B = B\{min B},
I=1Uc.

The proof of this theorem is remarkable, as it does not involve particular
techniques, relying instead on proving the following basic identity for all
n € N.

1—]:[1:61‘: Z HxiH(l—l’j).

In the unimodular case, the cohomology algebra is formal, meaning that
it can be described entirely by its generators that are in degree one and
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their relations, without any need for higher degree corrections. In contrast,
in the nonunimodular case, additional higher-order relations appear due to
the more complicated combinatorics of the arrangement. These higher-order
relations involve more dependencies among the characters in .4 and they can
be understood in terms of D-module techniques.

For a detailed discussion see [CDD™20|, which provides a complete de-
scription of the nonunimodular case. We will not revisit their results here,
as they will be presented and applied in the following section as part of our
generalization.

1.5 Abelian arrangements

In the previous sections, we reviewed the state of the art in the study of the
cohomology of arrangement complements, focusing on the description of gen-
erators, relations, and the main results for the cases considered so far, which
mainly include complex, real, and toric arrangements. In this section, we
present new and original results that build on those discussed earlier, gener-
alizing them to the cohomology of noncompact abelian arrangements, where
G =R x (S1)?, b > 0. We begin by introducing fundamental definitions,
including certain classes arising from pullbacks, which we will show to be the
generators of the cohomology of the complement. The discussion will then
be divided into three main subsections: first, we consider the case where
the arrangement is central and unimodular, followed by the case without
the centrality assumption, and finally, without the unimodularity condition.
In the final subsection, we will apply these computations to describe the
cohomology algebra of ordered configuration spaces in R x (S1).

1.5.1 Definitions and notations

Consider the noncompact abelian group G' = R? x (S1)?, b > 0, canonically
oriented and let e = (0,...,0,1,...,1) be the unit of G. We sometimes
denote d := dim(G) — 1 = a + b — 1. Let us start with a discussion on the
cohomology of the ambient space G".

In order to define some classes in H*T?~1(G\{e}), consistent with the
previous section, we consider the immersion of a small sphere i: S0~ —
G\e centered in e. Let W be the top dimensional class generating H,,j_1(S%~1).
We denote by w the class in H**~1(G \ {e}) dual to i,(W) with the orien-
tation given by the outer normal first rule.

For j =1,--- ,a, let Y7 be the standard generators of Hy(S') and let Y
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be the top class in H,((S)%). For x € R®\ {0} we consider the immersion

ip: (S G\ {e} = (R® x (SHH)\ (0,1,---,1)
z = (x,2).

Up to homotopy, i, only depends on the connected component of R®\ {0}
x belongs to. In the case b = 1 we choose x < 0, otherwise the choice of
the point does not matter. Denote by v/ the class in H'(G \ {e}) dual to
(i2)«(Y7) and by 1 the class in H*(G \ {e}) dual to (iz)«(Y).

Let {x; : G" — G}icp be a finite collection of morphisms defining the
abelian arrangement A = {H; := x; '(¢;) }ick, recall definitions of Sec-
tion [l

For any i € E, the map x; restricts to (Xi — gi)|preb(a): M**(A) —
G\ {e}. So we set

wi = (Xi = gilarasa)" (@) € HPTHQIH0(A)),
¥ = (il pyae)"(¥9) € HN (MO (A)),
Ui = (il yge0)* (¥) € HY(M(A)).

Note that, when b = 1, the classes v;’s have degree a = a + b — 1, the same
degree of the elements w;’s.

1.5.2 Central and unimodular case

Consider a proper map f: N — M between oriented manifolds, it induces
a pushforward map in cohomology f, obtained from the pushforward in
Borel-Moore homology (for a general reference [HR96]) by composing with
the Poincaré duality isomorphism.

Hk (N) I+ Hdim M —dim N—i—k(M)

PD Nl TPD;V}

HEw v (N) ——5— Him v (M)
The map f, increases the degree by dim M — dim N and has the following
properties:
1. (Functoriality) fio g« = (fog)s;

2. (Projection formula) f.(f*(y) — ) =y — f«(x) for any =z € H*(N)
and any y € H*(M);
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3. (Naturality) For any pullback diagram

N N

7| |#

M’TM

with f and f’ proper maps and dim M — dim N = dim M’ — dim N/,
we have

g'o fe=fioh™;

4. (Embedding) If f is a closed embedding then f, is the composition of
the Thom isomorphism for the normal bundle

fo: H(N) 25 BT, T\ N) —» H*(M, M\ N) — H**(M)

where we identify the normal bundle with a tubular neighborhood
N CT CM and d =dim M —dim N. The second map is provided by
excision theorem of M \ T" and the last one is the map from the long
exact sequence of the pair (M, M \ N).

We consider the pushforward in cohomology i,: HO(R\{0}) — H*=1(G\

{e}) induced by the closed inclusion i: R\{0} — G\{e}, i(x) = (¢,0,--- ,0,1,--- ,1).
Let wt and w™ be the two standard generators of H*(R \ {0}). Poincaré
Duality maps w* and w™ to the classes in HPM(R\ {0}) represented by the

infinite chains ¢t and ¢~, corresponding respectively to the positive and neg-

ative semi-axes. By checking intersection numbers, we obtain PD(w) = j.ct

and, when b = 1, PD(¢)) = j.ct + juco = ji1. Note that, if b > 1,

jucT + juc” =0 in HEM(G\ {e}). Summarizing

0 otherwise.
(1.1)

) ) _ Yv—w ifb=1, . Y o ifb=1,
1*(w+) = w, Z*(w ) = {_w otherwise ' Z*(l) =

Remark 1.5.1. Consider a central arrangement A, the linear relations among
the elements x; € A ~ Z" define a representable matroid. For any subvariety
H; = ker(x;) = ker(—x;) we choose one of the two descriptions. These
choices determine an oriented matroid.

We will denote the circuits of the matroid by C and the oriented circuits
by C=CTtUC™.
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(R x S1Y\ (0,1)

Y

ot

<
*
)

w
> m
j*civ

Figure 1.1: In the case (a,b) = (1,1), Y in red and W in blue are the homol-
ogy classes. While, j.ct, j.c™ € HPM((R x S)\ (0,1)) are the pushforward
of the Borel Moore homology classes ¢, ¢~ € HPM(R \ {0}).

Now we consider A as a real arrangement, for any ¢ € E let w;L =
xi(wh) and w; = x}(w™) be the classes in HO(M®(A)) corresponding to
the inverse image of R4 and R_ through x;: R™ — R. We now employ this
slightly different notation, which is more advantageous for the purpose of
the following results.

Theorem 1.5.2 ([VG87, Theorem 5)). Let A be a central real arrangement.
The ring H°(M®(A)) is generated by the classes w;,w; with i € E and
subject to the following relations:

owi_zl—w;_;

+.00T —0-
e w w;, =0;

7

e for any oriented circuit C = CT LU C™, [Licor w;L HjeC— w; = 0.

We will write, for I C E, w] = [Licr w and w; [Lic;w; - Similarly,
Wl = Wi, Wi - . . wj,, and Py = P i, ... 1P;, where I = {iy, 12, ...} and the
product is taken in the order induced by the ordered ground-set FE.
Remark 1.5.3. From the first and second relation it follows that (w;'E)2 = wfc,
which was exactly the relation obtained by Gelfand and Varchenko. We

consider a central circuit C' so that also the opposite —C' is a circuit. Then,
using the first and the third relation for C, we get

0= w [T -wf)= > (DYufiw)= 3 (D),

ieCt jeC— JCC— JCC—
(1.2)
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and for the opposite circuit

0= [l w [TO-wh=2" Dwjuwi = 37 ()wj e
i€eC— jec+ JCcCc+t JCC+
(1.3)

By summing the equations above with an opportune sign, we get the follow-
ing relations

S ) hwf, — (10 ()P, =0

JCC- Jce+

Yo D = > (=)l e =0 (1.4)

KCC~ KcCt

K40 K0
From this identities, we will obtain a relation in H*(M%°(A)) by applying
the map i,.

Definition 1.5.4. Let A, B be disjoint subsets of E. We denote by ¢(A, B)
the sign of the permutation taking the AU B as a ordered subset of F of A
to the concatenation of A and B.

Definition 1.5.5. Let A and B be disjoint subsets of E' and define
nap = (1) AB) g hp € H (MYY(A)).

Let B C E a basis of the matroid, we denote by sgn(B) the sign of the
determinant of the matrix whose columns represent the elements x; (in a
positive basis of A) with the order induced by FE.

Remark 1.5.6. Let B C A be a sub-arrangement and j: Mf{b s Mg’b be
the inclusion of the complements. From the definitions follow that j *ng D=
né p- So in the following we will not specify the ambient space.

Lemma 1.5.7. Let A be a totally unimodular central arrangement of rankn.
Consider the closed immersion i: M®(A) — M%*(A) and its pushforward
in cohomology i.: HO(M®R(A)) — HMetb=D (MY (A)). Let I € FE be an
independent set and B C E a basis containing I:

o Ifb=1, then i,(w]) = sgn(B)dnLB\[.
0 if tk(I) # n,

o Ifb>1, then iy wi) =
d (wr) {sgn([)dwj otherwise.
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Proof. Let B C A be the sub-arrangement {H;, | b € B}. Consider the
inclusions j®: M®(A) — MR(B) and j**: M**(A) < M%*(B). Recall
that d = a + b — 1 is the codimension of R in G. The following diagram
commutes by the naturality of pushforward in cohomology (property )

HO(MF(A)) <L HOMA(B)) «— HOR\ 0)%"

HY(MONA)) e HMSH(B)) = HYG\ )"

The horizontal maps in the left-hand square are induced by the inclusion of
the complement of A in the complement of B, in R™ and G™ respectively.
Since M®(B) = (R\ 0)” and M**(B) = (G \ e)", the horizontal maps in the
right-hand square are given by the Kiinneth isomorphisms. Note that the
Kiinneth isomorphism k%® depends on the sign of the basis B.

For the sake of notation we assume that I are the first elements of B,

the general case differs by the sign (—1)%("B\) given by the reordering of
w; and iy, for i € I and b € B\ I. We have

Z'A*(w}i—) _ Z'A*le*kR((w+)®\I| Q 1®n7\l|) _ ja’b*ka’b((i*er)@'Il ® i*1®n7\l|).
We use eq. (1.1) distinguishing the cases b=1and b > 1. If b =1,
ias(wi) = kO (WM @y @) = 0 (sgn(B) wripp 1) = sen(B)*np 1,

where in the last equality we use Remark If b > 1, is(1) = 0 and
hence i, (w]) = 0 if rk(I) # n. Otherwise, I is a basis and

iae(wf) = GOV RO (WE) = jP (sgn(I) wr) = sgn(1)%wr.
This completes the proof. O

Remark 1.5.8. Note that, also in the case b = 1, the image of i, does not
depend on the choice of the (unimodular) basis B. In fact, if B C FE is
another (unimodular) basis containing I, sgn(B)d¢B\[w1 = sgn(B’)dd)B/\IoJ[
by using the linear relations among the classes ¥ coming from the linear
dependencies among the characters of B and B’.

Definition 1.5.9. A subset A C Ais a generalized circuit if tk(A) = |A|—1.
We denote by C(A) the unique circuit contained in A.
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Definition 1.5.10. Let C' C E be a circuit and let B D C such that B\ {i}
is a basis for any i € C. We denote by ¢; the sign of the determinant of the
matrix whose columns are the elements in B\ {i}.

Remark 1.5.11. Up to a global sign, the ¢;’s do not depend on the choice
of B. The collection of these signs defines a chirotope (or equivalently an
oriented matroid), cf [BLVS™99).

Lemma 1.5.12. Let A be a central arrangement and C C E an unimod-

ular oriented circuit with C = Ct U C~. The following relations holds in
H* (M (A)):

o Ifb=1,
Z (_1)‘K‘CgKnC\K,K\iK - Z (_1)‘K‘ch776’\K,K\z’K =0, (1.5)
KCC~ Kcct
K#0 K#)

where i € K;
e Ifb>1 and d odd,
> (D)l =0; (16)
ieC
o Ifb>1 and d even,
> wovy — D wevg =0 (1.7)
ieC~ ieCt
Proof. Let r be the rank of the arrangement A4 and n be the rank of the
circuit C'. Consider the additive map given by the following composition:
HO(MR(C)) _Z*_> Hn(a+bfl) (Ma,b(c)) i’*_> Hn(aerfl) (Ma,b(A))

where p is the restriction of the projection G — G"/ Neec He ~ G™.

We consider the relation in H°(M®(C)) and we apply Lemmam
to the essentialization of the arrangement C. For any independent J C C'*
(resp. J € C7), the choice of ix € K = CT\ J (resp. ix € K =C"\J)
corresponds to complete C*| |J = C'\ K to a basis C'\ ix of the sublattice
generated by the elements of C'. By Lemma and Remark [I.5.6) we have

P (in(win 1)) = P (e ek Kin ) = i loVK K
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Figure 1.2: A picture of the arrangement in Example|1.5.14]for (a,b) = (1,0)
on the left, and (a,b) = (0, 1) on the right.

and so Equation (1.4) is mapped to

S (D) nevkrvie — Y. (Dl noyg g =0

KCC— KcCt
K#( K#0
for b =1, and to
d d
Z C;wWeNi — Z ciweni =0
1€C— 1€eCt

for b > 1. Since C' is unimodular, the dependence relation among the char-
acters of the circuit is Ziec(—1)|0<i|cix,; = 0, hence i € C'T if and only if
ci = (1)1, =

Remark 1.5.13. Lemma [1.5.12] holds also for a central circuit C' in a non-
central arrangement A. It is sufficient to consider the map H*(M**(C)) —
H*(M®**(A)) induced by the inclusion M*?(A) — M**(C).

Ezample 1.5.14. Let us consider the central arrangement A = {H;}i—1 23 in
G? defined by the columns of the matrix

1 01

011
(see Figure . This is an arrangement of type As, hence M(.A) is the con-
figuration space of 3 points in G (c.f. Section |L.5.5)). The subspace H*(G?) C
H*(M(A)) is generated by the classes ¢7,¢) and ¢} = ] + ¢, with
j =1,--,a. Furthermore, we have defined the classes w; € H*~1(M(A))
for i = 1,2,3. The circuit C = CT UC~ = {1,2} U {3} gives the following
relations
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o ifb=1,
Wi — (—1)dWQCU3 — W13 — w3¢1 = 0, (1.8)

o ifb>1,
wiwo — (—1)dWQW3 — Wiy = 0. (19)

1.5.3 Noncentral case

Now, we deal with the case of noncentral totally unimodular arrangements.
Firstly, we prove another variation of the Brieskorn lemma, a deletion-
restriction short exact sequence, and an identity between Poincaré and char-
acteristic polynomial. We will use these results in Section for unimod-
ular covers.

Recall that, given H € A a subvariety of the arrangement, we denote
by A" := A\ {H} the deletion of H and A" := {HNK | K € A’} the
restriction to H. If L(A) is the poset of layer of the arrangement A, let
us denote L"(A) as the set of elements in L(A) of rank r. For any layer
p € L(A) we consider the local arrangement A, :={H € A|p C H} at p
and let g,: M(A) — M(A,) be the inclusion of the complements.

Theorem 1.5.15. Let A be an arrangement of rank r and H € A a subva-
riety, then

1. te: H*(M(A")) — H*Tot(M(A")) is the zero map,

2. the map ®perra)9p: @peLr(A) H*(M(A,)) = H*(M(A)) is surjec-
tive.

Proof. In the central case the theorem follows from [LTY2I, Theorem 7.6].
We prove the claims by induction on the cardinality of the arrangement A.
The base case is a central arrangement and the results hold. The assumption
that A is not central implies |A,| < |A| for any p € L"(A). Consider
p € L(A”) and let p € L(A’) be the unique minimal layer containing p (if
H is not a coloop then p = p), the diagram

M(A") —— M(A)
gg’l lg;
M(A) — M (.A;g)
is a pullback diagram and so ¢4 o 91/0/* = gg 0 px. Since the boundary map

of the long exact sequence and the Thom isomorphism are functorial, the
following diagram commutes
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HE=1 (M (AR)) —T HN(M(AD) — HF(M(A,)) —" HF(00(AD)

Jg;’ : La},* lg;f lg;’ :
HE (M (A")) —s HYM(A)) —"— HF(M(A)) —2s HF4(01(A"))
For p € L(A) \ L(A") we have a similar diagram

0 ——— HF(M(A)) I, HY(M(Ap)) ————— 0

J s b |

HY=4(M(A") s HE(M(A)) —L— HY(M(A)) —2s HE-4(M (A7)

because A; = A,. We consider the direct sum of previous sequences for all
p € L(A). Since |A”| < | A, the map @pcrr(ayg," is surjective and ip. = 0
by inductive step

S HF (M (AY) —s (M (AL) 25 a5, HF(M(Ay)) 22 @, H(M (A7)

l@pg;g* l@pg;;* J@PQ; lEBpg;’*

2

HY4(M(A")) —— HY(M(A) —L— HF(M(A)) —>— HFI(M(A")

©pip
—

It follows that ¢, = 0. The two rows are exact because they are long exact
sequences of pairs and by diagram chasing the map ©pcrr(4)9, is surjective.
O

The corollary below follows directly from Theorem [1.5.15

Corollary 1.5.16. Let A be an arrangement of rank r and H € A a sub-
variety. The following sequence is exact

0 — H*(M(A)) L5 H*(M(A)) = gr=(a+b=1(1(4")) = 0.

Corollary 1.5.17. For any abelian arrangement A, the Poincaré polyno-
mial only depends on the characteristic polynomial of the arrangement

Pa(t) = (- LEDTY,

Proof. The identity follows by induction using the exact sequence in Theo-
rem [1.5.15) O
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%
Hs
4\
T,
H3/
X s
Hoy
Hy

Figure 1.3: A picture of the noncentral arrangement in Example [1.5.18| when
(a,b) = (1,0) on the left, and (a,b) = (0,1) on the right.

The same formula for the Poincaré polynomial is proven for central
abelian arrangements in [LTY21), Theorem 7.7].

Ezxample 1.5.18. Let us consider the arrangement obtained from the arrange-

ment in the example by adding the two hyperplanes Hy = {x5 L—e))
and Hy = {(x1 + x2) '(—e€)} as shown in Figure

The arrangement is not central anymore, but it is still unimodular. As
in the previous example, the cohomology H*(M(A)) is generated by the
classes 1/1{, %,wg = 1/1{ +1/J%, j=1,---,a and wy,ws,ws,ws,ws. There are
two central circuits:

C=CctucC ={1,2}u{3}, C'=C""u(C) ={1,2}u{3}.

When b = 1, the first circuit leads to the same relation eq. (1.8) of Exam-
ple|1.5.14] while the second one to the new relation

wiwyr + (—1)dw2/w3/ — wWiwg — w3/¢1 =0. (110)

The case b > 1 is analogous. The Poincaré polynomial of the complement
is given by Pa(t) = (1 +t)?* + 5(1 + t)® + 6. The four noncentral circuits
provide the following relations

Wawyr = 07 w3wszr = 07

wiwawsg = 0, wiworws = 0,

see eq. (1.23)) of Theorem [1.5.29

1.5.4 Nonunimodular case

The poset of layers of a nonunimodular arrangement A is no longer a ge-
ometric lattice, due to multiple connected components of the intersections,
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but it has the structure of a geometric poset, as deeper discussed in Chapter
2. Moreover, the combinatoric data of A are encoded in a generalization of a
matroid, basically a matroid together with a multiplicity function, known as
arithmetic matroid and first introduced by D’Adderio and Moci in [DM13],
which will be expanded in the last chapter. We deal with the nonunimodular
case adapting the argument in [CDD™20], by constructing an unimodular
covering for an abelian arrangement A.

Definition 1.5.19. Let A be a lattice and A an arrangement in G*, define

the multiplicity
m(A) = [AY: Ay,

where Ay := (A) C A and A4 is the radical of A4 in A, i.e. A = (Q ®z
A4) N A. This number m(A) is the cardinality of the torsion subgroup of
A/A 4 and the multiplicity function of the matroid associated to A.

Suppose A = {xo, - , Xr} consists of one generalized circuit X = {0,--- ,r} =
CUF, with n =rk(C). Let

s — m(X) [Ljec gy m(C\{j}) forieC
’ m(X) forie F
and let A’ be the lattice in A ® Q generated by the characters X*.

Lemma 1.5.20. The lattice A’ contains A and the inclusion induces a cov-
ering m: GN — G of degree m(C) m(X)Ur Y ],com(C\ i),

Proof. The proof of the first statement is analogous to that of |[CDD™20,
Lemma 6.4]. Let i € C, as in [CDD720, Lemma 6.5] we compute the index
of Ain A/

A Axy]  Thexviai _ m(O)mX) Tjecni Tliecyy m(CN Y

A A= = A :
A= R~ mx D m(X)m(C\ 1)
=m(C)m(X)" " [ m(C \ &)™
eC
It follows that the degree of the covering is [A’ : A]“. O

Let Ay be the arrangement in U := G given by the set of connected
components of the preimages of the subvarieties in A

Ay = | mo(="1(H)).

HeA
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Lemma 1.5.21 (JCDD™20, Lemma 6.7]). The arrangement Ay is unimod-
ular.

Let H; € A, L a connected component of 7=(H;) and ¢ € L. The

subvariety L has equation 2% = Z%(Q)’ where ¥ = x ow. We define
W (g) = <X - "f’<q>) @ eHWMUAY),  (111)
@i @i M(Ay)
i (X) (W) e H'\(M(Ay)), (1.12)
@i /1 M(Ay)
W = <X) (W) € H'(M(Ay)). (1.13)
@i/ I M(Ay)

Remark 1.5.22. For H; € A, let L be a connected component of 7 !(H;)
and p,q € L. Then we have é—:(q) = z—z(p) and hence w? (q) = w! (p).

As in Section m for I C FE, we write w? = wgwg .. .w% and @Z)gj =
@Z)gd)g . 1/)% where I = {i1,12,...,i;} and the product is taken in the order
induced by the ordered groundset E.

Let AC E, W a connected component of (,. 4 H; and p € W. Since 7*

is injective, we define wyy 4 as the unique class in H*(M (.A)) such that

* _ 1 — 1 ~
™ (ww,a) = m Z WX(Q) = m Z WX(QL)

gen—1(p)
(1.14)

where L is any connected component of 7~ (W) and ¢; € LN 7 1(p) for
each connected component L of 7~1(W). For any A, B C E disjoint, we
denote

1% 5(q) = (=1)* AP )y € H (M (Av))
and
mwap = (—1)*AByy g € H (M(A)). (1.15)

Lemma 1.5.23. Let A, B C E such that AU B is a dependent set and let
W be a connected component of (;c 4 Hi. Then, for any j=1,--- ,a,

Wiy Ay = 0. (1.16)
Proof. By definition, it is enough to prove that, for any connected com-
ponent L of 7= (W), w%(qL)ng = 0in H*(M(Ay)). This follows from

(¢5’U)2 =0, Y (qL)z/}g’U = 0 and from the linear dependences between
{Xi,i € AU B} O
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Lemma 1.5.24. Let X be a generalized circuit and A, B C X such that
AU B is a maximal independent set. Let W be a connected component of
Nica Hi and p € W. Then

7T*(WW,A,B):Trbgﬁ(uAﬁ)a Z n4.5(q)-

gem—1(p)

Proof. By definition,

= ([T a)e%.

ieB
The computation of |L N 7~1(p)| is analogous to that in Lemma 6.8 in

[CDD™20]. The cardinality of the preimage of p is the degree of the covering.
The number of connected components of 7=(W) is

() a7y = (Lhease)

Therefore,
m(C) m(X)*" D [ iecm(C\ )" Vm(A)*
[Licaad
_ m(O) m(X)*" D [Tiee m(C\ )"V (A)*
m(X)alA IH’LEAQCHJEC\@ m(C'\ j)*
= m(C)*m(X)* D m(A)* T m(C\ a)* = H=D TT m(C\ )"

icC 1i€ANC

ILnx~(p)| =

It follows that

() = HB>‘< DA S W),

Lomip g€ 1(p)
where
Hz‘eB a; . m(X)a‘B‘ HieC m(C'\ i)(l'BmC' 1
[Lnx=t(p)| [Licgne m(C\0)® LT i(p)

m(X) (JA|4+|B]—r+1) H Cm(C\ ) (|IBNC|+|ANC|—n+1)

m(C)*m(A) [Ticanc m(C\ 1) [Liepne m(C \ i)
m(X)* [Tiec m(C\ 9)*

(@)*m(A)* [Lic(aupync mM(C \ 1)°

(X)*m((AUB)NC) _ m(AUB)®
m(C)*m(A)? o om(A)e

m
m
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In this last computation the final equality comes from property (3) of arith-
metic matroids, see [DM13]. O

Lemma 1.5.25. Let X = C' U F be a generalized oriented circuit, Y be a
connected component of (\;c x Hi, then

o I[fb=1,

Z (‘U‘K‘C?K mnW,X\K,K\iK

Kg%— m
K#
(1.17)
— Z (_1)\1(\04 m<X\K>a77WX\KK\' -0
ZKm(X\iK>a » > 1K ’
KCC+t
K#0

where i € K and, for each summand, W is the connected component
of MNiex\k Hi such thatY CW.

e [fb>1 and d odd,

D (=D%lwy i = 0. (1.18)
icC
e Ifb>1 and d even,
Z Wy, X\i Z wy,x\i = 0. (1.19)
€C— 1eCt

Proof. We apply Lemma to the circuit C in the abelian variety U =
GV Let peY be any point. If b = 1, we have

> D e i (@ = Y DG e g (@) =0,
KCC— KCcCc+t
K£0 K£0

for all ¢ € 7~ %(p). We multiply this equation by w¥(g), and we get

Z (_1)|K|C?K"7)[£\K7K\iK(Q) - Z (_1)‘K‘Czc‘lK77)U(\K,K\ik (¢) = 0.
KCC~ KcCct
K#) K#)
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H,y

Figure 1.4: A picture of the nonunimodular arrangement in Example [1.5.26
when (a,b) = (1,0) on the left, and (a,b) = (0,1) on the right.

Summing over all ¢ € 7~ !(p), we obtain

Z Z lKI ?Kn%\KK\zK Z Z an)[é\KJ{\iK(q)

genm—1(p) KCC— gen—1(p) KCCt
K#) K#)
= Z |K| d Z U%\K,K\iK(Q)_ Z (‘U'chi( Z n)lé\K,K\z'K(q)
KCC~ qeﬂ'_l(P) Kcct qem—1(p)
K#D K#)
m(X \ K)°
= Z (—1)Fle d (X\) ™ (MW, x\ KK\ )
KCC™ m(X \ i)
K#0

- Z (-1 )|K| ¢ m (WW,X\K,K\z’K)'

KCC+
K40

Since 7* is injective, equation ([1.17)) follows.
If b > 1, through an analogous computatlon equations ((1.18)) and ( -

hold.
U

Ezample 1.5.26. Let us consider the arrangement A = {H;};=1234 in G®
associated to the matrix

0 2 1
110
0 0 2

S O =

(see Figure[L.4). The generalized circuits are C = CT U C~ = {1,2} U {3}
and X =CUF ={1,2,3} U {4}.
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Let W be the layer Hy N Hy N Hs. If b > 1, applying formula ([1.17]) to
the central circuit C' we obtain the relation

1
w12 + (—1) w23 — w3 + 27003?/)2 =0. (1.20)

Notice that in the case a = 1 the unimodular covering of A is the ar-
rangement in Example [1.5.18] and the pullback of eq. (1.20) is the sum of
equations (|1.8]) and (|1.10)).

Now consider the generalized circuit X, we get 2¢ relations because the
intersection Hy N HoNH3N Hy = W N Hy has 2% distinct connected compo-
nents, p1,- - ,p2 and for any ¢ =1,--- ,2¢

wWpy 124 + (—1) 4wy, 231 — wp, 134 — awzsa2 =0, (1.21)
where Z is the layer H3 N Hy. The Poincaré polynomial of the complement
is (t+1)3+4(t +1)22 4+ 7(t + 1)* + 6.

Lemma 1.5.27. The classes ww, 4 for all independent sets A C E and all
connected components W of (;c 4 Hi, generate H*(M(A)) as a H*(G")-
module.

Proof. Fix i € E, we proceed by induction using the exact sequence (of Z-
module) of Corollary [1.5.16| given by deletion and contraction with respect
to Hl

0 — H*(M(A)) L5 H*(M(A)) 25 H* =D (M (A")) - 0.
Let K C H*(M(A)) be the H*(G")-submodule generated by all wy 4, K’ C
H*(M(A)) the H*(G")-submodule generated by all wy, , with i ¢ A, and
K" C H*(M(A")) the H*(G""!)-submodule generated by all w4 with
i € A
By definition of the classes w4 we have ji(wiy 4) = ww,4 and
Wi gy i €A
_ ) WA ;
res(w =

(w.a) {0 otherwise.

Since the pullback map in cohomology H*(G") — H*(G"!) is surjective
and the residue map is a morphism of H*(G")-modules, we have

K’ » K » K
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By diagram chasing the inductive step follows, this completes the proof. [J

Definition 1.5.28. Let R be the free H*(G")-module generated by the
classes w4 € H*(M(A)) with A C E independent and W connected com-
ponent of ;.4 H;. We endow R with a ring structure by defining the
multiplication

0 if A, A" are not disjoint or A L A’ dependent,

(.U[/[/,AU: W /,A/ ] 4 j : w e VV' e
{( )dé(A’A ) L c.c. of WNW’ LvAI—’A, Oth TWISe.

Notice that, for any A, B C F, and for any connected component W of
ﬂz‘eA H;, nwaB € R.

Theorem 1.5.29. Let A be an arrangement in G”, where G = R® x (S1)2.
The integer cohomology of the complement H*(M(A);Z) is the quotient of
R by the following relations:

o Whenever AL B and A’ U B’ are not disjoint or AU B U A UB is
dependent,

nw,a,Bw A, = 0. (1.23)

e For any generalized circuit X = C U F with C = CT U C~, and for
any connected component Y of (\;cx Hi,

— Ifb=1,

X\ K)
S (1)Kl m(X\ K)* |
chf( ) Cix m(X \ Z.K)GUWX\K,K\ZK

K0 (1.24)

_ Z (—1)Eld m(X\ K)* =0,

1K . anW,X\K,K\ZK
= (X \ i)
K0
for some 1 € K and where, for each summand, W is the con-
nected component of ﬂieX\K H; such thatY CW.
— Ifb>1 and d odd,

Z(—1)|C<i|77y,x\i70 = 0. (1.25)
ieC
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— Ifb>1 and d even,

D mvxvio— Y mvxe = 0. (1.26)

1€C— ieCt

Proof. The cohomology ring is a quotient of R by Lemma [1.5.27] Relation
holds by Lemma and relations (T1.24)), (T.25)) by Lemma

Let I be the ideal given by relations —@ There is a surjective
map R/I — H*(M(A)). We prove that this map is an isomorphism by
induction on the cardinality of A. The base case is trivial.

Let us fix i € E. Let R, R”, I and I" be defined analogously with
respect to the deletion A’ and the contraction A” respectively. By induction
hypothesis R'/I' = H*(M(A")) and R"/I" = H*(M(A")). Let us consider
the following diagram

R/I' y R/I R'/I"

o b I

0 —— HY(M(A)) —L— H*(M(A)) =5 H—@+-1D(A(A")) — 0

where:
- the first horizontal map is defined by the inclusions ' C R and I’ C I;

- the second horizontal map is induced by the map g: R — R” given by

WY, A\i % ifie A,

WW,AZ .
{0 otherwise,

for any z € H*(G"), where Z is the image of z through r: H*(G") —
H*(H;). The map is well defined since the image of I is I";

- the second row is the deletion-contraction exact sequence of Corol-

lary [[5.10]

The left square of diagram commutes because j*(n{M A B) = TW,A.B, as the
right one, since res(nw,.a,p) = W;V,A\{i},B if i € A and res(nwap) = 0
otherwise. This implies that the first horizontal map is injective and the
second one surjective. We now want to prove that the central vertical map
is injective.

Firstly, observe that for any relation r of type and any generator
nw,A,B the element rny 4 p is linear combination of relations of types
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and (1.24). In particular, the ideal I is generated by (1.23) and ([1.24) as

Z-module. Tt follows that the map g;: I — I" is surjective.

Consider the short exact sequence 0 — R’ — R s R” — 0 that induces
the top row of the diagram. Let z € R such that p(z) =0 € H*(M(A)). By
commutativity of the diagram above, g(z) = 7" € I". Since I — I", exists

r € I such that g(r) = . By exactness of 0 - R' — R % R” — 0, we
can write z = r + 2’ for some 2’ € Ker(g), i.e. 2/ € I' C I. Tt follows that
z el O

1.5.5 Configuration spaces

A straghtforward application of what we have just proved can be found
in the study of the cohomology algebra of ordered configuration spaces in
Rb x (Sh)e.

Let X be a topological space, the configuration space of n points in X is:

Conf,(X) = {(z1,...,2n) € X" | x; # x; Vi # j}.

As above, let G = R x (1), and consider the totally unimodular and
central arrangement

A = {Hi}igep:  Hij = (xi — x5)7(e),
1<J

where x;: G" — G is the projection on the i-th component. Notice that
Conf,(G) = M**(A,).

Cohen and Taylor [CT78| used a spectral sequence to compute the co-
homology of configuration spaces in R® x M, for b > 1 and M a connected
manifold (see [CT78, Example 1]). More precisely, there exists a filtration
F, on H*(Conf, (R® x M);K) for a field K and they described explicitly the
associated graded

grp H*(Conf,(R” x M);K)

as a ring. In the case M = (S')® and b > 1, Theorem [1.5.29] implies that
grp, H*(Conf,(G); K) ~ H*(Conf, (G); K)

as ring. In the case b = 1, we have the opposite behaviour: indeed, the
two rings grp H*(Conf, (G;K)) and H*(Conf,(G);K) are not canonically
isomorphic. Finally, our result extend the coefficients from fields to integers.
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Now, we write down the presentation of H*(Conf, (G);Z) by using Theo-
rem The ground set of the associated matroid is the set E' = {ij|i,j €
[n],i < j} with the lexicographic order. The poset of layers is L(A;) = Il
the poset of partitions of [n]. The circuits of the arrangement are of the
form {ij, ik, jk} with ¢,5,k € [n] and i < j < k.

By Theorem the cohomology of the configuration space is gener-
ated as a H*(G™)-module by the classes w;; € H%(Conf,(G)) with ij € E.

Relations (1.23))-(1.25) become
° wij¢ij =0, VZj € FE;

o for b=1,
WijWik — WijWik + Wigwik — PYijwix = 0; (1.27)

o forb>1,
WijWik — WijWik + WikWik = 0. (1.28)

Recall that in H*(G"), ¥, = 14 + 1 and notice that relation @D
wijwjpwir = 0 follows by multiplying equation (resp. eq. (1.28)) by
wik. In the case b = 1, correction terms appear in our formulas. In the article
[CT78] and in this one, the element w;; represent the cohomological class
of H;; and hence there is no canonical morphism between the two algebras

grp, H*(Conf,(G;K)) and H*(Conf,(G); K).
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Chapter 2

Combinatorics

This chapter explores key combinatorial properties of abelian arrangements,
focusing on inductiveness and divisionality. After a brief introduction on
supersolvability, freeness, and their consequences, in section 2 we extend
inductiveness and divisionality to abelian arrangements, proving the factor-
ization of their characteristic polynomials. Later we generalize a classical re-
sult of [JT84], showing that, in the abelian framework, strictly supersolvable
arrangements form a proper subclass of the inductive ones (Theorem .
Finally, in the last section, we apply these results to toric arrangements of
ideals of root systems of type A, B and C, proving their inductiveness (The-
orem and presenting an algorithm for computing their exponents.

2.1 Supersolvability and Freeness

Supersolvability is a combinatorial property of lattices that has been intro-
duced in the 1950’s, inspired by the pioneering work of Birkhoff [Bir40] and
Stanley [Sta72]. Significant progress was made by Terao [Ter86], who proved
that this property, when applied to the lattice of flats associated with an
arrangement, has interesting topological implications, as for instance the
property of being fiber-type, first introduced by Falk and Randell in [FR&5].
More recently, Bibby and Delucchi [BD22] extended the definition of super-
solvability to a more general class of posets, specifically for geometric and
locally geometric posets, hence including all posets arising from abelian ar-
rangements. We will first consider the classical framework of lattices, that
includes the case of central hyperplane arrangements, before going through
generalizations. Let us begin with few preliminary definitions, mainly fol-
lowing [OT92].

41
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Definition 2.1.1. A lattice L is called geometric if for all x,y € L: z <y if
and only if there is an atom a € A(L) with a £ z, y = z V a. Equivalently,
a geometric lattice is an atomistic and semimodular finite lattice.

Definition 2.1.2. An element z in a geometric lattice L is modular if for
all z <z and all y € L:

xA(yVz)=(xAy)Vz.

In every lattice, examples of modular elements include the minimum,
the maximum, and all atoms. The definition of supersolvability is closely
tied to these modular elements.

Definition 2.1.3. Let L be a geometric lattice with rank r(L) = £. We call
L a supersolvable lattice if it has a maximal chain of modular elements

OZCC()<:L’1<---<(E4:1.

A hyperplane arrangement A is said to be a supersolvable arrangement if
its lattice of flats L(.A) is supersolvable.

Supersolvability has been explored in the context of arrangements due
to the significant topological properties it induces. Specifically, it translates
a purely combinatorial characteristic of the lattice into the topological prop-
erty of being fiber-type. The concept of fiber-type arrangements was first
introduced by Terao in [Ter86], where he established their equivalence with
supersolvable arrangements. Later, Falk and Randell explored fiber-type
arrangements in a broader topological context in [FR85]. We now recall the
formal definition of fiber-type arrangements.

Definition 2.1.4. Let A be a hyperplane arrangement in C* and M(A) its
complement. A is said to be strictly linearly fibered if, after a suitable linear
change of coordinates, the restriction of the projection of M(A) to the first
(¢ — 1) coordinates is a fiber bundle projection whose base space B is the
complement of an arrangmenet in C~1, and whose fiber is the complex line
C with finitely many points removed.

Definition 2.1.5. Let A be a hyperplane arrangement in C,
1. If £ =1, then A is fiber-type;

2. For £ > 2, A is fiber-type if it is strictly linearly fibered with base
B = M(B) and B is an arrangement in C*~! of fiber-type.
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A first significant consequence of being fiber-type is immediate to prove
and it is the following.

Proposition 2.1.6. If A is fiber-type, then it is K(m,1).

As introduced before, for a hyperplane arrangement, the properties of
being supersolvable and being fiber-type are equivalent. The first proof of
this fundamental result, known as the Fibration Theorem, can be found in
[Ter86].

Theorem 2.1.7 (The Fibration Theorem, [Ter86, Corollary 2.17]). Let A
be an essential central arrangement. Then A is fiber-type if and only if A
is supersolvable.

In the context of supersolvability, Bibby and Delucchi [BD22] proposed
an alternative definition for posets that are not lattices, arising from a bigger
class of arrangements. While the classical notion of supersolvability relies
on the presence of modular elements in a lattice, this definition cannot be
directly applied when dealing with non-lattice structures. Bibby and Deluc-
chi identify a substructure of the poset that plays a similar role, adapting
the concept of modularity to the case of geometric and locally geometric
posets. This generalization is particularly useful for studying all abelian
arrangements, as it allows similar topological results achieved in traditional
lattice theory as above to be extended. Let us go through their ideas.

Definition 2.1.8. A graded, bounded below poset P is called locally geo-
metric if P<, is a geometric lattice for every x € P.

Note that if P is a locally geometric poset, then so are P<, and P>,.

Definition 2.1.9. Let P be a poset and B C A(P). The subposet of P
generated by B is the subposet whose elements include those in B along
with all possible joins of them. We denote it by P(B).

If P is a locally geometric poset (or lattice) and B C A(P), then the
subposet P(B) generated by B is also a locally geometric poset (or lattice).
Now let us give some basic definitions.

Definition 2.1.10. Let P be a locally geometric poset. An order ideal in P
is a downward-closed subset. The poset P (or an order ideal of P) is called
pure if all maximal elements have the same rank.

An order ideal @ of P is join-closed if T C @ implies \/ T' C Q. Finally,
we denote by max(P) the set of maximal elements in P.
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We are ready to introduce the structure that extends the concept of
modularity to the non-lattice context.

Definition 2.1.11. [BD22| Definitions 2.4.1 and 5.1.1] An M-ideal of a
locally geometric poset P is a pure, join-closed, order ideal () C P satisfying
the following two conditions:

1. lavy|>1forany y € Q and a € A(P) \ A(Q),

2. for every x € max(P), there is some y € max(Q) such that y is a
modular element in the geometric lattice P<,.

An M-ideal @ C P is called a TM-ideal if condition (1) above is replaced by
the following stronger condition

1* [aVy|=1forany y € Q and a € A(P) \ A(Q).

Note that the element y in Definition (2) is necessarily unique
since @ is join-closed. Furthermore, motivated by geometry, if we restrict to
a smaller class of posets, which is defined immediately below, it is possible
to give a different characterization of an M-ideal.

Definition 2.1.12. A locally geometric poset P is geometric if for all z,y €
P with rk(z) < rk(y) and for all subsets of the set of atoms I C A(P) such
that y € \/I and |I| = rk(y), there exists a € I such that ¢ £ z and
aVz £

Lemma 2.1.13. Let P be a geometric poset, and let QQ be a pure, join-closed,
proper order ideal of P. Then Q is an M-ideal with rk(Q) = rk(P) — 1 if
and only if for any two distinct ai,ay € A(P)\ A(Q) and every x € aj V as
there exists ag € A(Q) such that x > as.

Now, in line with the definition of supersolvability for lattices, Bibby and
Delucchi provided the following definition. Instead of a chain of modular
elements, here there is a chain of M-ideals. Additionally, a slightly stronger
version, known as strictly supersolvability, arises when the chain is composed
of TM-ideals.

Definition 2.1.14. A locally geometric poset P is supersolvable (resp.,
strictly supersolvable) if there is a chain, called an M-chain (resp., a TM-
chain)

{}=@C@c - cQ="r,
where each ); is an M-ideal (resp., a TM-ideal) of @Q;11 with rk(Q;) = i.
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One of the first consequences that they have proved concerns the fac-
torization of the characteristic polynomial. Once the chain of TM-ideals is
given, the exponents are explicitly determined by them.

Theorem 2.1.15 ([BD22, Theorem 5.2.1, Corollary 5.2.6]). Let Q be a
TM-ideal of a locally geometric poset P with tk(Q) = rk(P) — 1, and let
d=]A(P)\ AQ)|. Then

xp(t) = (t = d)xq(?)-

In particular, if P is strictly supersolvable with a TM-chain {O} = Qo ¢
Q1<+ CQr =P, and d; = |A(Q;) \ A(Qi—1)| for each i, then

T

xr(t) = - do).

=1

this means it is factorable with exponents exp(P) = {dy,...,d,}. If A is an
essential abelian arrangement whose poset of layers is P, then the Poincaré
polynomial of its complement is

n

Poin(t) = [J((1 +¢)* + d;t**71).

=1

Definition 2.1.16. A locally geometric poset P is locally supersolvable if
P, is supersolvable for every x € P.

Remark 2.1.17. Denote by SSS, SS and LSS the class of strictly supersolv-
able, supersolvable and locally supersolvable posets, respectively.

SSS ¢ SS ¢ LSS.

Moreover, if L is a geometric lattice, then L € SSS if and only if L € LSS,
i.e. all these classes coincide.

To translate these notions from the poset framework to the arrangement

counterpart, the following result on the structure of the poset of layers is
fundamental.

Theorem 2.1.18 ([Bib22, Corollary 13.11], [BD22, Corollary 4.4.6]). Let
A be an abelian arrangement. Then L(A) is a geometric poset.

Definition 2.1.19. An abelian arrangement A is supersolvable (resp., strictly
supersolvable) if its poset of layers L(.A) is supersolvable (resp., strictly su-
persolvable).
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This extended definition of supersolvability, applied to geometric and lo-
cally geometric posets, allows to prove topological results analogous to those
of the lattice case when derived from abelian arrangements. In particular,
the property of being fiber-type holds. In the abelian context, the following
is a definition of the fiber-type property analogous to Definition in the
hyperplane case.

Definition 2.1.20. Let A be an arrangement in G,
1. If £ =1, then A is fiber-type;

2. For ¢ > 2, A is fiber-type if after a suitable change of coordinates, the
restriction of the projection of M(A) to the first (¢ — 1) coordinates
is a fiber bundle whose fibers are homeomorphic to G with finitely
many points removed and whose base is the complement of a fiber-
type arrangement in G~

Theorem 2.1.21 ([BD22, Theorem 3.4.3, Theorem 5.3.1]). An essential
arrangement A is fiber-type if and only if it is supersolvable.

As a corollary we have that if the poset of layers of a linear, toric, or

elliptic arrangement is supersolvable, then the arrangement complement is a
K(m,1) space ([BD22, Corollary 3.4.4]). Moreover, if it is strictly supersolv-
able then the fundamental group has the structure of an iterated semidirect
product of free groups ([BD22, Corollary 5.3.4]).
As the above results emphasize, the properties of supersolvability and strict
supersolvability are significant not only from a combinatorial perspective
but also because they lead to important topological consequences. These
properties have been widely studied since the 1970s, particularly regarding
their connection to freeness, which we will define and explore in the follow-
ing paragraphs.

Freeness has been extensively studied since the late 1970s, with the def-
inition initially introduced by Terao in [Ter80]. It is a purely algebraic
property that leads to a variety of important topological and combinatorial
implications. In this section, we focus on one key aspect, its factorability,
which links freeness to other classes that will be introduced below. We will
also explore how these various classes are interconnected and the relation-
ships they establish within this framework. Let us start with the definition.

Given a K vector space V, let z1,...,xy be a basis for the dual V*, then
the symmetric algebra of V* is S ~ Kl[z1, ..., xg].
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Definition 2.1.22. A K linear map 6 : S — S is called a derivation if

0(fg) =0(f)g+ f0(9),

for all f,g € S. Let Der(S) be the set of all derivations of S. It is a free
S-module with a basis {0/0x1,...,0/0xs} consisting of the usual partial
derivatives.

We say that a nonzero derivation 6 = Zle fi0/0x; is homogeneous of degree
p if each nonzero coefficient f; is a homogeneous polynomial of degree p.

Definition 2.1.23. Let A = {Hy, ..., H;} be a central hyperplane arrange-
ment, and Y1, ..., X% the linear forms defining the hyperplanes. The module
D(A) of logarithmic derivations is defined by

D(A) := {6 € Der(S)| 6(xi) € x:S for alli € [n]}.

The arrangement A is free if the module D(A) is a free S-module. Denote
by F the class of free arrangements.

If A € F, we may choose a basis {61,...,0y} consisting of homogeneous
derivations for D(A) [OT92, Proposition 4.18]. Although a basis is not
unique, the degrees of the derivations in a basis are uniquely determined by
A [OT92| Proposition A.24].

Before introducing the next definition, we define the following notation:
if an element e appears d > 0 times in a multiset M, we write e € M.

Definition 2.1.24. An arrangement A is called factorable if its poset of
layers L(A) is factorable, i.e. if its characteristic polynomial has all positive
integer roots. In this case we also call the roots of x4(t) the (combinato-
rial) exponents of A and use the notation exp(A) to denote the multiset of
exponents. Denote by FR the class of factorable arrangements. If A € FR,
then

exp(A) = {0* KDY U {exp(L(A))}-

The following theorem of Terao connects freeness and combinatorial
properties of an arrangement.

Theorem 2.1.25 ([Ter81, Main Theorem)). If a central hyperplane arrange-
ment A is free, then it is factorable with combinatorial exponents given by
the degrees of the elements in any basis for D(A).

Based on this, Terao conjectured that freeness is a combinatorial prop-
erty [OT92, Conjecture 4.138]. Although Terao’s conjecture remains open,



48 2. Combinatorics

there are certain subclasses of free arrangements that are known to be com-
binatorially determined. This is precisely the case for the two subclasses
defined below. Before presenting the definition, recall that given a fixed hy-
perplane H € A, the deletion is defined as A’ := A\ {H}, and the restriction
as A" :={HNK|KeA'}.

Definition 2.1.26 ([OT92, Definition 4.53]). The class IF of inductively
free arrangements is the smallest class of arrangements which satisfies

1. 0, € IF for £ > 1,

2. A € IF if there exists H € A such that A” € IF, A’ € IF, and x4~ (t)
divides x4 (t).

Definition 2.1.27 ([Abel6, Theorem-Definition 4.3]). The class DF of
divisionally free arrangements is the smallest class of arrangements which
satisfies

1. §)y € DF for £ > 1,

2. A € DF if there exists H € A such that A” € DF and y 4~ (t) divides
xa(t).

Remark 2.1.28. Supersolvability, inductive and divisional freeness and fac-
torizability of central hyperplane arrangements all are combinatorial prop-
erties. Here is an overview of the relationships among the concepts we have
defined so far

SSS =SS C!'IF C> DF C* F C' FR.

1. The first containment is proved by Jambu and Terao [JT84, Theorem
4.2], but it is not an equality, as shown by Hultman, who found coun-
terexamples. The arrangement associated with a root system of type
Dy for £ > 4 (see Section 3.3) is inductively free, but not supersolvable
(e.g., [Hull6l Theorem 6.6]);

2. The second containment follows from the deletion-restriction formula
xA(t) = xa(t) — xa(t) (e.g., [OT92, Theorem 2.56]). However, this
too is not an equality: it is sufficient to consider the arrangement de-
fined by the exceptional complex reflection group of type (G531 which is
known to be divisionally free [Abel6l, Theorem 1.6] but not inductively
free [HR15, Theorem 1.1];
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3. The third containment, proven by Abe [Abel6, Theorem 1.1], is also
not an equality. A counterexample is provided by the intermediate

arrangement AY(r) for ¢ > 3, r > 3, as shown in [Abel6, Theorem
5.6];

4. Finally, the last containment is proved by Theorem [2.1.25] There are
many examples of factorable but not free arrangements, for instance
those described in [FR86].

All of the definitions and results introduced from the discussion of free-
ness onward have been presented in the classical context of hyperplane ar-
rangements. As Bibby and Delucchi did with supersolvability, in the follow-
ing section, our aim is to extend these combinatorial concepts to the case of
abelian arrangements.

2.2 Inductive and divisional arrangements

In this section, we will generalize the concepts of inductiveness and division-
ality to the abelian framework by first examining those properties defined
on posets and then extending these ideas to the context of arrangements.
From now on unless otherwise stated, we will assume that P is a locally
geometric poset, and denote A = A(P) the set of atoms and r = rk(P). Let
us start with a discussion on the characteristic polynomial.

Definition 2.2.1. Fix an atom a € A. Let P’ := P(A\ {a}) be the
subposet of P generated by the set of joins of the elements of A\ {a} and
define P" := P5,. We call (P, P/, P") the triple of posets with distinguished
atom a.

Remark 2.2.2. Note that for each a € A, we have rk(P) = rk(P’) + €(a),
where €(a) is either 0 or 1. Indeed, if z € max(P) has rk(z) =r and a £ =,
then rk(P’) = r. Otherwise, setting @) := P<,, we have that a € A(Q).
In this case, let (Q,Q’, Q") represent the triple of posets with distinguished
atom a. Since @ is a geometric lattice with rk(Q) = r, it follows that
rk(Q') < r < rk(Q') + 1, and as @’ is a subposet of P’, we obtain r >
rk(P’") > rk(Q') > r — 1, as desired.

Definition 2.2.3. Let P be a poset and a € A one of its atoms. As noticed
above, 1k(P) = rk(P’) + €(a). If €(a) = 1, the atom a is called a separator.

For each = € P, define

Ay ={acAla<z}.
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Lemma 2.2.4. Let P be a geometric lattice. For x,y € P with x <y, let
S(z,y) be the set of all subsets B C A such that A, C B and max(P(B)) =

y. Then
pla,y) = Y (=)L
BeS(z,y)

The proof can be found in [OT92, Lemma 2.35].
The following are useful and important results regarding the characteristic
polynomial of a poset.

Lemma 2.2.5. Let P be a locally geometric poset. Then the characteristic
polynomial x p(t) strictly alternates in sign, i.e., if

XP(t) =cpt" + cr—ltril + -+ co,
then (—=1)""%c; > 0 for 0 <i <r.

Proof. By definition, for each 0 < ¢ < r we have

(D)= ) (=) u(0,x).

rk(z) =r—1

Note that the characteristic polynomial of a geometric lattice strictly alter-
nates in sign (e.g., [Sta07, Corollary 3.5]). Thus (—1)*®4(0,z) > 0 since
P, is a geometric lattice for every z € P. Hence (—1)""‘c; > 0 for each
0<i<r. ]

We show below that the characteristic polynomials of locally geometric
posets satisfy a deletion-restriction recurrence, which is crucial for the subse-
quent discussion. This formula is already proved for geometric lattices, e.g.,
see [Bra92, Theorem 1.2.20]. The method used in that proof can be can be
naturally extended to locally geometric posets, and we include a proof here
for completeness.

Theorem 2.2.6. Let P be a locally geometric poset and fix a € A. Then
Xp(t) = te(a) . Xp/(t) — Xp" (t)

Here €(a) = rk(P) — rk(P’) is either 0 or 1 by Remark[2.2.9
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Proof. Since P<, is a geometric lattice for every x € P, by Lemma we
have

t) _ Z Z (_1)|B|tr—rk(x)

zeP BCA,
x=max(P(B))

— Z Z (—1)Blgr—rk(z) 4 Z Z (—1)lBlgr—k(@)

zeP a¢BCA, zeP a€BCA,
z =max(P(B)) :p:max( (B))
_ Z Z ( )\B\trk(P’)-i-e a)—rk(z Z Z |B\A |tr rk(zx)
xeP’ BCA, z€P>, BES(a,x)

x=max(P(B))
_ te(a) P (t) o Z M(a’ :p)trk”(P”)—rk”(m)

xeP!

= 9 () — xr (). =

Now we introduce the protagonists of this section.

Definition 2.2.7. The class IP of inductive posets is the smallest class of
locally geometric posets which satisfies

1. {0} € IP,

2. P € IP if there exists an atom a € A such that P” € IP, P’ € IP,
and Xp (t) divides XP’ (t)

Definition 2.2.8. The class DP of divisional posets is the smallest class of
locally geometric posets which satisfies

1. {0} € DP,

2. P € DP if there exists an atom a € A such that P” € DP and yp(t)
divides x p(t).

The following result directly follows from the definition.

Proposition 2.2.9. Let P,Q be two isomorphic locally geometric posets.
Then P € IP (resp., P € DP) if and only if Q € IP (resp., Q € DP).

Proposition 2.2.10. If a locally geometric poset P is inductive, then it is
divisional. This means TP C DP.



592 2. Combinatorics

Proof. We argue by induction on r = rk(P) > 0. The assertion clearly holds
true when r = 0. Suppose r > 0. Since P € IP, there exists an atom a € A
such that P” € IP and x pr(t) divides xp/(t). By the induction hypothesis,
P” € DP. Furthermore, by Theorem xpr(t) divides xp(t). Note that
t1 xpr(t) by Lemma thus P € DP as desired. O

Remark 2.2.11. We address here some remarks about the relation of our
inductive and divisional posets with some known concepts in literature.

1. Brandt [Bra92, Definition 1.2.21] defined the class IL of inductive lat-
tices to be the smallest class of geometric lattices which satisfies: (1)
{0} € IL and (2) P € IL if there exists an atom a € A such that
P" € IL, P’ € IL, and xpr(t) divides xp/(t). Thus for a geometric
lattice P, we have that P € IL if and only if P € IP.

2. A central hyperplane arrangement A in V = K' is inductively free
(resp., divisionally free) in Definition (resp., [2.1.27) if and only
if the (geometric) intersection lattice L(A) of A is inductive (resp.,
divisional). In particular, IP C DP which follows from Remark

Now, we present one of the key results of this section. Recall Defini-
tion which applies equally in the abelian case: an abelian arrange-
ment A is called factorable, and we write A € FR, if its poset of layers
is factorable, with the multiset of (combinatorial) exponents denoted as

exp(A).

Theorem 2.2.12. If a locally geometric poset is divisional, then it is fac-
torable. This means DP C FR.

Proof. We need to show that if P € DP with r = rk(P) > 1, then there are

positive integers dy, - - ,d, € Z~g such that
T
xe(t) =[]t —d).
i=1

We argue by induction on r. If » = 1 then xp(t) =t —|A| and the assertion
clearly holds. Suppose r > 1. Since P € DP, there exists an atom a € A
such that P” € DP and xp~(t) divides xp(t). By the induction hypothesis,
there exist positive integers dy, - ,d,—1 € Z~o and an integer d, € Z such
that
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Moreover, dids - - - d, > 0 by Lemma Thus d, > 0. O

Thus the divisionality of a poset is a sufficient condition for its fac-
torability. The following necessary and sufficient condition for a poset to
be divisional is immediate from Definition 2.2.8l Note that the sum of all
exponents of a divisional poset equals the number of atoms.

Theorem 2.2.13. A locally geometric poset P of rank r is divisional if and
only if there exists a chain, called a divisional chain

O:$0<I‘1<"'<xr,

such that tk(z;) =i and xq,(t) divides xq, ,(t) where Q; := P>, for each
1 < i <r. In this case, exp(P) = {dy,--- ,d,} where d; := |A(Q;—1)| —
|A(Qi)].

Remark 2.2.14. The converse of Theorem [2.2.12] is not true in general.
Namely, there exists a factorable poset that is not divisional. An exam-
ple from hyperplane arrangements is already mentioned in Remark
We give here an example of a poset that is not a lattice. In [Hall7, Exam-
ple 4.6], the weighted partition poset P := II§ of rank 3 is given with the
characteristic polynomial xp(t) = (t — 3)? (see Figure . However, P is
not divisional because xp._(t) =t — 2 does not divide xp(t) for any atom
x.

Figure 2.1: The weighted partition poset II%’.

By Proposition [2.2.10], the exponents of an inductive poset are defined
naturally. The following “addition” theorem for inductive posets follows
readily from Definition and Theorem

Theorem 2.2.15. Let P be a locally geometric poset with A # () and let
a€ A.

1. Suppose that a is not a separator of P. If P" € IP with exp(P") =
{d1, - ,dp_1} and P" € IP with exp(P') = {dy,--- ,dp_1,dy}, then
P € IP with eXp(P) = {dl, ceesdp_q,dy + 1}.
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2. Suppose that a is a separator of P. If P’ € IP, P' € IP with
exp(P") = exp(P') = {d1,--- ,dy_1}, then P € IP with exp(P) =
{17d17'” 7d571}-

The process of constructing an inductive poset P from the trivial lattice
(or more generally, from an inductive subposet generated by some atoms)
by adding an atom one at a time with the aid of Theorem [2.2.15| is called
an induction table. Each row of the table records the exponents of P’ and
P” and the atom a added at each step. The last row displays the exponents
of P. An example of this is in Figure below, which depicts an inductive
poset that is not geometric.

<]

xr ag as a4

o>

0 0
1 as 0
2 aq 2

1

1,3

Figure 2.2: An inductive poset that is not geometric (left) and an induction
table for its inductiveness (right). The elements labelled by x and y do not
satisfy the requirement of Definition [2.1.12

Having presented several combinatorial properties of posets, we now turn
our attention to the implications when these posets represent the posets of
layers of abelian arrangements. This will allow us to identify analogous
classes of arrangements to those defined in the previous section, but in a
more general context. It is important to point out and recall that in this
chapter we focus exclusively on the case of central arrangements. Before
proceeding, it is necessary to establish some necessary tools.

Definition 2.2.16. A property C of arrangements is called a combinatorial
property (or combinatorially determined) if for any distinct arrangements
A; and As in an arbitrary vector space V having the same combinatorics,
i.e., their intersection posets are isomorphic L(A;) ~ L(Az), then A; has
property P if and only if A5 has property P.
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It is well known that the combinatorial structure associated with an
arrangement is its poset of layers. Our initial focus will be on investigating
the properties of this poset and examining whether it is possible to factorize
its characteristic polynomial. First, let us restate a fundamental result on
its structure.

Theorem 2.2.17 ([Bib22, Corollary 13.11], [BD22, Corollary 4.4.6]). Let
A be an abelian arrangement. Then L(A) is a geometric poset.

Definition 2.2.18. Similar to Definition [2.1.24] we call an abelian arrange-
ment A factorable if its intersection poset L(A) is factorable. In this case,
we call the roots of x 4(t'/9) the (combinatorial) exponents of A and use the
notation exp(.A) to denote the multiset of exponents. Denote also by FR
the class of factorable abelian arrangements.

By Remark A € FR if and only if there are positive integers
di,--- 7drk(A) € Z~g such that

rk(A)

xa(t) = t9¢Tk(A) H (t9 — d;).
i=1

In this case,
exp(A) = {07KAY U exp(L(A)).

A crucial aspect to verify is whether the deletion and restriction opera-
tions associated with arrangements correspond with coherent and consistent
operations in the poset of layers.

Now we are ready to introduce the protagonists of this section in the
arrangement framework. First recall that, fixed H € A, A" := A\ {H}
is an arrangement in G', A” := A7 in G*~! and that L(A') = L(A)" and
L(A") = L(A)". We call (A, A, A”) the triple of arrangements associated
to H.

Definition 2.2.19. The class IA of inductive (abelian) arrangements is the
smallest class of abelian arrangements which satisfies

1. 0y € IA for £ > 1,

2. A € TA if there exists H € A such that A” € TA, A’ € TA, and
xa(t) = (9 —d) - xar(t) for some d € Z.

Definition 2.2.20. The class DA of divisional (abelian) arrangements is
the smallest class of abelian arrangements which satisfies
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1. 0, € DA for £ > 1,

2. A € DA if there exists H € A such that A” € DA and x4(t) =
(t9 —d) - x4~ (t) for some d € Z.

We now show that inductiveness and divisionality depend only on the
combinatorics of arrangements. Furthermore, they precisely coincide with
the definitions of inductive and divisional posets introduced at the beginning
of the section.

Theorem 2.2.21. Let A be an abelian arrangement. Then A € IA (resp.,
DA) if and only if L(A) € IP (resp., DP).

Proof. We show the assertion for inductiveness by double induction on rk(.A)
and |A|. The assertion for divisionality can be proved by induction on rk(.A)
by a similar (and easier) argument.

The assertion is clearly true when rk(.A4) = 0 or |A] =0 (i.e., A = &).
Suppose rk(.A) > 1 and | A| > 1. Suppose A € IA. Then there exists H € A
such that A” € IA, A" € TIA, and x4 (t) = (tY — d) - x4~ (t) for some d € Z.
Note that |A'| < |A] and rk(A”) < rk(A). By the induction hypothesis,
L" =L(A") € IP and L' = L(A’) € IP. Moreover, if rk(A) = rk(A’) + 1,
then by Remark

9 xp (#9) = (7 = d) - xp (89).
Hence xp/(t) = xp~(t) since t t xp»(t). Similarly, if rk(A) = rk(A’), then
xr/(t) = (t —d)xp»(t). In either case, xp(t) divides xz/(t). Thus L(A) €

IP. A similar argument shows that if L € TP then A € TA, which completes
the proof. ]

Corollary 2.2.22. The property of being inductive or divisional of an abelian
arrangement is a combinatorial property.

Proof. Tt follows from Proposition and Theorem [2.2.21| above. O

Hence, wecan state the following result.

Theorem 2.2.23. Let A be an abelian arrangement. If A is divisional, then
it is factorable.
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2.3 Strictly supersolvable implies inductive

It is particularly interesting to study how these combinatorial classes of
abelian arrangements interact, and whether there are any implications among
them, as it has been observed in the case of hyperplane arrangement (see
Remark . Let us begin by examining the poset framework, proving
that strictly supersolvability implies inductiveness. In order to do that, we
first need to establish some additional fundamental facts regarding M-ideals.

Lemma 2.3.1. If a poset P has an M-ideal Q with rk(Q) = rk(P)—1, then
P is necessarily pure.

Proof. First note that A(P) \ A(Q) # 0 since @ is join-closed. Fix an
arbitrary « € max(P). If z € Q, then by Condition 2.1.11|(1) for any a €
A(P)\ A(Q) there exists b € aV z such that x < b, a contradiction. We may
assume x € P\ Q. Then by Condition 2), there exists y € max(Q)
such that y < z. Thus rk(z) > rk(Q) and hence rk(z) = rk(P). O

Lemma 2.3.2 ([BD22, Lemma 2.4.6]). Let Q@ be an M-ideal of a poset P
with tk(Q) = rk(P) — 1 and let a € P. Then a € A(P)\ A(Q) if and only if
yAa=0 for all y € max(Q).

Proposition 2.3.3 (|[BD22, Proposition 2.4.7]). Let Q be an M-ideal of a
poset P with tk(Q) = rk(P) — 1. Fiz x € P\ Q and let y be an element
in max(P) such that x < y. Let y' be the unique element in max(Q) such
that (y covers y' and) y' is a modular element in the geometric lattice P<,
(Definition [2.1.11). Then z' :=y' Az is the unique element in Q such that
x covers x' and x' is modular in P<,.

Now we prove a new property of a TM-ideal, extending a well-known
property [Sta7ll Lemma 1] of a modular element in a finite geometric lattice.

Lemma 2.3.4. If Q is a TM-ideal of a poset P with tk(Q) = rk(P) — 1,
then for any a € A(P)\ A(Q) there is a poset isomorphism Q ~ P>,.

Proof. Fix a € A(P) \ A(Q) and denote R := P>,. Owing to Definition
2.1.11{(1*) and Proposition two poset maps o and 7 below are well-
defined

c:Q —Rviaz—2xVa, 7:R—Qviaz— 2.

We show that o is a poset isomorphism whose inverse is exactly 7. First
we show that both maps are order-preserving. The assertion for o is easy.
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To show the assertion for 7 note that for z; <g z9, if y € max(P) and
x9 <R y, then 7(z1) = ¥/ A 1 and 7(x2) = ¢’ A x9 where 3’ is the unique
element in max(Q) such that y’ is modular in P<,. Thus 7(z1) <g 7(x2)
follows easily.

Now we show coT =700 =id. If z € R, then (6 o7)(z) = o(2') =
2’V a = z where the last equality follows from Definition 2.1.11|(1*) since
x €' Va.

Let 2 € Q, then (too)(z) = 7(z Va) = (z Va)'. It remains to show
(xVa) ==z If z and (x V a) are incomparable, then zVa € (zVa) Vz
which contradicts the join-closeness of Q). Note that rk(zV a) > rk(z) hence
it cannot happen that = > (z V a)’. Thus we may assume x < (z V a)’. Let
y € max(P) so that x Va < y. Let y be the unique element in max(Q) such
that ¢’ is modular in P<,. Then

(xVa) =y A@xVva)=zV(/ Na)=2V0=u,

where the second equality follows from the modularity of ¥ in Pc,
with 2 < ¢/, and the third equality follows from Lemma O

The lemma above allows us to prove the following.

Lemma 2.3.5. Let Q be a TM-ideal of a poset P with rk(Q) = rk(P) — 1.
If Q € IP (resp., Q € DP), then P € IP (resp., P € DP) with

exp(P) = exp(Q) U{|A(P) \ A(Q)[}-

Proof. First we show the assertion for divisionality. Fix a € A(P) \ A(Q).
By Lemma [2.3.4] Q ~ P"” = P5,. Suppose Q € DP. Then P” € DP by

Proposition Moreover, by Theorem [2.1.15
xp(t) = [t —m)xq(),

where m := |A(P)\ A(Q)|. Therefore, xpr(t) divides xp(t). Hence P € DP
with exp(P) = exp(Q) U {m} as desired.

Now we show the assertion for inductiveness by adding the atoms from
A(P)\ A(Q) to A(Q) in any order successively with the aid of Theorem
Write A(P) \ A(Q) = {a1,...,am}. Let A; := A(Q)U{a,...,a;}
and P; := P(A;) for each 1 <i < m.

First note that by Lemma the poset P is pure. We observe that
rk(P;) = rk(P) = r for every 1 < i < m. It is because |a; V y| = 1 and
rk(a; Vy) = r for any y € max(Q) and a; € 4; \ A(Q) C A\ A(Q).
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We claim that @) is a TM-ideal of rank » — 1 of P; for every 1 <1¢ < m.
(The case i = m is obviously true.) Condition [2.1.11](1*) is clear. It suffices
to show Condition[2.1.11)(2). First consider i = m—1. Fix z € max(P,—1) C
max(P). Denote L := P<, and Ly,_1 := (Pn—1)<z. Therefore L and L,,_1
are geometric lattices sharing top element z. We need to show that there is
some y € max(Q) such that y is a modular element in L,,_;. Since @ is a
TM-ideal of P, there exists ¥’ € max(Q) such that 3’ is a modular element
in L. If x # a;, then L = L,,_1. We may take y = ¢/. If x > a,, then
L1 = L(A(L) \ {an}). Since y' # a,,, we must have that y' € L,,—1 and
y' is also a modular element in L,,—; by [JT84, Lemma 4.6]. Again take
y = y'. Use this argument repeatedly, we may show the claim holds true for
every 1 <¢<m—1.

Now we show that P, € IP with exp(P;) = exp(Q) U {i} for every
1 <i < 'm. Note that by Lemma Q ~ P>, for any a € A(P) \ A(Q).
It is not hard to check that (P1, P{ = @, P{’ ~ Q) is the triple of posets with
distinguished atom ai, and that a; is a separator of P;. Hence P; € IP with
exp(P;) = exp(Q)U{1} by Theorem[2.2.15] Similarly, (P>, Py = Py, Py ~ Q)
is the triple with distinguished atom a9, and that as is not a separator of Ps.
Hence P, € IP with exp(P) = exp(Q)U{2}. Use this argument repeatedly,
we may show the claim holds true for every 1 < ¢ < m. The case i = m
yields P € IP with exp(P) = exp(Q) U {m} as desired. O

Now, as a direct corollary of these lemmas, we have the following impor-
tant result.

Theorem 2.3.6. If a poset is strictly supersolvable, then it is inductive.

Proof. Note that the trivial lattice is inductive. Apply Lemma [2.3.5] re-
peatedly to the elements in any TM-chain of a strictly supersolvable poset
P. O

Ezample 2.3.7. The Dowling posets are proved to be strictly supersolvable
[BD22, Example 5.1.8]. The poset of layers of the toric arrangement of
an arbitrary ideal of a type C root system with respect to the integer lat-
tice is also strictly supersolvable (Theorem . Hence these posets are
inductive by Theorem [2.3.6

Remark 2.3.8. The main result of [JT84] by Jambu-Terao mentioned in
Remark is a special case of our Theorem [2.3.6| when the poset is a
geometric lattice. An induction table for a strictly supersolvable poset can
easily be constructed using the argument in the proof of Lemma [2.3.5
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The converse of Theorem [2.3.6] is not true in general. There are many
known examples of central hyperplane arrangements whose intersection lat-
tices are inductive but not (strictly) supersolvable (see e.g., Theorem [2.4.11)).
In the final section, we will see in Corollary and Theorem [2.4.23| new
examples from toric arrangements: The poset of layers of the toric arrange-
ment of a type By root system for ¢ > 3 is inductive, but not supersolvable.
That arises from type Bo depicted in Figure below is inductive and
supersolvable, but not strictly supersolvable.

Thus for locally geometric posets, we have proved

SSS C IP C DP C FR.

Compared with the relation described in Remark supersolvable
posets do not form a subclass of inductive posets. An example can be found
in the poset of layers of the toric arrangement of a type D root system (the
subposet of the poset in Figure generated by {ti1to =1, tltgl = 1}) that
is supersolvable but not inductive.

The containment IP C DP is strict as can be seen by considering the

same example of Remark 2.1.28

(=1,-1)

/N\

titg =1 t1ty

NS g

(s> 0 =1
1 ty =1
1,1 tito =1

@
"
N L
T
—

1,2 ity =1
2,2

Figure 2.3: The toric arrangement of a type Bs root system with its poset
P of layers (left) and an induction table for inductiveness (right). The
induction table is derived thanks to Theorem [2.2.15] which deduces that P
is inductive with exponents exp(P) = {2,2}. In addition, P is supersolvable
with the elements of a rank-1 M-ideal colored in blue. However, P is not
strictly supersolvable since it has no TM-ideal of rank 1.

The containments shown for geometric posets yield direct analogous re-
sults in the context of abelian arrangements. Indeed, we can apply the same
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arguments and discussions within the framework of arrangements.
Remark 2.3.9. By Remark and Theorem [2.2.21] we have

SSS C IA C DA C FR.

It is an open question to us whether or not the containment IA C DA
is strict. The example of a hyperplane arrangement that is divisionally free
but not inductively free in Remark [2.1.28]is not an integral arrangement.

Note that an abelian arrangement is inductive if it can be constructed
from the empty arrangement by adding an element (=a connected compo-
nent of a hyperplane) one at a time with the aid of the following “addition”
theorem at each addition step. It thus also makes sense to speak of an in-
duction table for an inductive arrangement in a similar way as of inductive
posets.

Theorem 2.3.10. Let A # () be an abelian arrangement in T ~ G* and
let H e A. If A” € TA with exp(A”) = {di,...,d¢—1} and A" € TA with
exp(A’) = {dl, cen,dp_q, dg}, then A € TA with exp(A) = {dl, ey dp_q,dp+
1}.

Proof. 1t follows directly from Definition [2.2.19] and Theorem [1.1.10 O

We complete this discussion by describing an arrangement theoretic char-
acterization for (strict) supersolvability. For this discussion it is helpful to
provide an alternative definition of M-ideals and T M-ideals, equivalent to

Definition R.T.111

Definition 2.3.11. Given a subarrangement B of an abelian arrangement
A, we say B is an M-ideal of A if L(B) is a proper order ideal of L(A), and
for any two distinct Hy, Hy € A\ B and every connected component C' of the
intersection Hy N Hy there exists Hs € B such that C' C H3. More strongly,
an M-ideal B is called a TM-ideal of A if

(*) for any X € L(B) and H € A\ B the intersection X N H is connected.

Theorem 2.3.12. Let A be an arrangement of rank v in T ~ G*. Then A

is supersolvable (resp., strictly supersolvable) (Definition if and only
if there is a chain, called an M-chain (resp., a TM-chain)

D=AC A C--CA =A,

such that each A; is an M-ideal (resp., a TM-ideal) of Ait1.
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Proof. Observe that if B C A, then L(B) is a pure, join-closed ideal of
L(A). Note also that the poset of layers of an abelian arrangement is a
geometric poset by Theorem Thus by Lemma if B is an M-
ideal (resp., a TM-ideal) of A, then L(B) is an M-ideal (resp., a TM-ideal)
of L(A) such that, due to the assumption that the arrangement is central,
rk(B) = rk(A) — 1. Therefore, if there exists an M-chain (resp., a TM-chain)

h=AC A C--CA =A,

then L(A) is supersolvable (resp., strictly supersolvable) with an M-chain
(resp., a TM-chain)

{0} = L(0) € L(A1) € -+~ C L(A;) = L(A),

Conversely, if @ is an M-ideal (resp., a TM-ideal) of L(.A) with rk(Q) =
rk(A) — 1, then again by Lemma the set A(Q) of atoms is an M-
ideal (resp., a TM-ideal) of A. Thus if L(.A) is supersolvable (resp., strictly
supersolvable), then any M-chain (resp., TM-chain) of L(.A) induces an M-
chain (resp., a TM-chain) for A. O

As a concluding note for this section, it is interesting to highlight an
important difference between (strictly) supersolvability and inductiveness
or divisionality. Note from Remark that (strict) supersolvability is
closed under taking localization: If A € SS (resp., A € SSS), then Ax € SS
(resp., Ax € SSS) for every X € L(A). We will see that in general it is
not the case for inductiveness or divisionality. More explicitly, we give an
example of an inductive toric arrangement with a non-factorable localization.

First let us recall the definition of central (real) hyperplane and toric
arrangements as abelian arrangements when the Lie group G is R and S,
respectively. Let A be a finite set of integral vectors in Z¢. Given a vector
a=(ay,...,a7) € A, we may define the hyperplane

Hoyr :={z € R¢ | a1z + -+ - + agxy = 0},
and the hypertorus
Hygri={t e (SH | tf - 15t =1}
The set A C Z* defines the central hyperplane arrangement

H = {Hap | a € A}.
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and the central toric arrangement
A := {connected components of H, ¢1 | o € A}.

Alternatively, given an integral matrix S € Matyx,,(Z), we may view
each column as a vector in Z¢ so that we may define the central hyperplane
and toric arrangements from S as above.

Ezample 2.3.13. Let S € Matsxg(Z) be an integral matrix defined as below:

1010 1 0
S=10 110 0 1]|. (2.1)
0001 -1 —1
Let Hg and Ag be the central hyperplane and toric arrangements defined
by S, respectively. Note that by definition of localization we may write
Hs = (As)x where X denotes the layer (1,1,1) € L(Ag).
In fact, Hg is linearly isomorphic to the essentialization of the cone of

the digraphic Shi arrangement defined by the path 3 — 2 — 1 in [Ath98|
Figure 3]. The characteristic polynomial of Hg is given by

Xus(t) = (t—1)(* = 5t +7),

which implies that Hg is not divisional hence not inductive.

However, we may show that Ag is inductive with exponents {2,2,2}.
Let H; denote the (connected) hypertorus defined by the i-th column of
the matrix S. The poset of layers of Ag and an induction table are given
in Figure (Observe also that Ag is not locally supersolvable since the
localization Hg is not supersolvable by the preceding discussion).

It happens quite often that the hyperplane arrangement defined by a
matrix is inductive, but the toric arrangement defined by the same matrix
is not. Example[2.3.13|above deduces that the converse is also possible. This
is a rare, perhaps counter-intuitive example that toric arrangement could be
inductive, while hyperplane arrangement cannot be.

2.4 Application to toric arrangements of ideals in
root systems
In this section, we will apply the previously discussed results on inductive-

ness and divisionality to examine toric arrangements associated to ideals of
root systems. We will prove that these classes of arrangements are inductive



64 2. Combinatorics

(1,1,1)

H, H, Hs Hs Hs Hg exp(A’) H exp(A”)
0,0,0 H, 0,0
0,0,1 H> 0,1
0,1,1 H; 0,1
0,1,2 Hy 1,2
1,1,2 Hs 1,2
1,2,2 Hs 2,2

2,2,2

Figure 2.4: The poset of layers of the toric arrangement Ag defined by
matrix S in (2.1) and an induction table for its inductiveness.

when defined by ideals of root systems of types A, B or C, up until now,
the only cases considered. Before proceeding with this analysis, we will
first provide a brief overview and basic definitions related to root systems,
mainly following [Hum?72]. In particular, in the context of hyperplane and
toric arrangements arising from root systems, their combinatorial and arith-
metic properties have been extensively studied. In this context, the arith-
metic Tutte polynomials of the classical root systems have been computed in
[ACH14], describing structural properties of their arithmetic matroids and
enabling the computation of various combinatorial and topological invari-
ants of associated toric arrangements.

Moreover, for types A, B, and C, the associated hyperplane arrangements
are known to be supersolvable ([Hull6]), making their inductiveness a nat-
ural property to investigate. On the other hand, the case of type D, where
supersolvability does not hold in general, presents a different landscape that
remains to be explored.

Given any Euclidean vector space E, we will consider E = R’ in our
subsequent results, a vector « defines a map o, : E — FE that reflects every
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vector over the hyperplane that is orthogonal to a. Specifically,

2(8, )

(v, @)

Oq (/8) - B - )

where f € E and (-,-) is the standard product on E. Indeed, note that
oq(a) = —a and if (5, ) = 0, then 0,(8) = 3, fixing all the vectors in the
hyperplane.

For convenience, if we denote

(8,a) =

then (-,-) is linear in the first variable and we have o, (8) = 8 — (8, a)a.
Definition 2.4.1. A root system is a set of vectors & C F such that

1. @ is finite, span(®) = F and 0 ¢ ;

2. If a € ®, then the only scalar multiples of & in ® are +q;

3. If « € @, then 0,(®) = ®, hence o, permutes P;

4. If a, p € @, then (B,a) € Z.

We define the rank of a root system rk(®) to be the dimension of Euclidean
space it spans.

In this dissertation as in general, we focus our attention to a specific
type of root systems, known as irreducible.

Definition 2.4.2. A root system ® is reducible if there exixts root systems
Oy, Py C & such that & = & U 9 and span(P) = span(Pq) & span(P2).
Any root system that is not reducible is called irreducible.

Definition 2.4.3. Given A C &, we say that A is a simple system or base
if

1. A is a basis of span(®) = E, hence |A| = ¢ and the roots in A =
{a1, -, ap} are called simple;

2. Each root 8 can be written as 8 = Zle k;c;, with integer coefficients
k; all nonnegative or all nonpositive.
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Note that the expression for S8 in the second condition is unique, which
allows to define positive roots as @ = {3 € ® | k; >0, Vi=1,--- ,£} and
similarly for negative roots ®~. This leads to a partition of the root system
given by ® = & LU ®~. Since A is not necessarily unique, whenever any
definition depends on A, a choice is made that must be taken into account.

For each ¥ C &7, let Sy denote the coefficient matrix of ¥ with respect
to the base A, i.e., Sy = [s;;] is the £ x |¥| integral matrix that satisfies

¢
U = {Z SijOéZ'

=1

1<j<|\I/|}.

The matrix Sy depends only upon .

Definition 2.4.4. Following the previous section, we define Ay := Ag, (P)
and Hy := Hg, (P) as the central toric and hyperplane arrangements de-
fined by Sy respectively. We call these arrangements the arrangements with
respect to the root lattice.

It is possible to define a partial order > on ®* such that 8; > [
if and only if 81 — f2 = > ,ca Mae has all nonnegative coefficients, i.e.
Ng € Zzo, Ya € A.

Definition 2.4.5. Given a root system ® = ®* 1 ®~, a subset I C &7 is
called an ideal if, for every 31,2 € ®*, 31 € I implies 35 € I.

A key definition that will frequently arise in this section is the following

Definition 2.4.6. The height of a root 8 € ® relative to A is defined as

ht(ﬁ) = Z ka:

aceA

where k, are the coefficients of 8 in the basis A, as in Definition [2.4.3

Let I be an ideal of ® and set M := max{ht(8) | 8 € I}. Let t; :=
{B € I | ht(B) = k}| for 1 < k < M. The sequence (t1,--- ,tg, - ,tpr) is
called the height distribution if I and the dual partition DP(I) of the height
distribution of I is defined as the multiset of nonnegative integers

DP(I) := {0t 1ti=t2 .. pptay

In classical contexts, standard irreducible root systems are classified
into types Ay, By, Cy and Dy, of rank ¢, and five other “exceptional”types
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Es, E7, Eg, Fy and G5. Following [Bou68, Chapter VI, §4] (see it for a deeper
analysis), we will provide a description of the root systems of types B, and
Cy, as these will be central to our discussion and results later in this section.

First, we need a construction of root systems of these types via a choice
of basis for R.
Let £ :={e1,..., €} be an orthonormal basis for V. For ¢ > 1,

O(By) ={te(1<i<Vl),x(e+e)(1<i<j<O)}
is an irreducible root system of type By. We may choose a positive system
(I)Jr(Bg) = {ei(l <1< 6),61':*:6]‘ (1 <1 <j < 5)}

Define o := €, — €41 for 1 < i < ¢ —1, and ay := ¢,. Then A(By) =

{a1,...,a} is the base associated to ®T(B;). We may express
ot (B,) = {ei: Yoal<i<ta—g=Y a(l<i<j<i),
i<h<t i<k<j
ei—i-ej:Zak+22ak(1§i<j§€)}.
i<k<j J<k<t

For ¥ C ®*(By), write Ty = [t;;] for the coefficient matrix of ¥ with
respect to the basis £. The matrices Ty and Sy are related by Ty = P(By) -
Sy, where P(By) is an unimodular matrix of size ¢ x £ given by

1
-1 1
-1

-1 1

Similarly, an irreducible root system of type Cy for £ > 1 is given by

B(Cy) = {26, (1 <i <), +(ei t¢j) (1 <i<j<O)},
T (Cy) ={26;(1<i<l),ei+e;(1<i<j<O)}
AC) ={ai=€ — €11 (1 <i<Ll—1), ap = 2¢y},
OH(CY) ={26=2 ) o+ (1<i<l,ei—e= > ap(l<i<j<y),
i<k<{ 1<k<j

€+ € = Z ap + 2 Z ak—i—ag(1§i<j§€)}.

i<k<j I<k</t
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-1 2

Ezample 2.4.7. Let ® = By with ot = {041 = €] — €2,02 = €2, + Qi =
€1,01 + 203 = €1 + €2} where A = {ag, a0} and € = {€1,€2}. The coefficient
matrices of ®* w.r.t. A and £ are given by

1011 1 011
Sq’*_(o 11 2>’ T‘“‘(—l 10 1>'

Let ® = Cy. The coefficient matrix of ®* w.r.t. A is Sp+ above with rows
switched (this is not the case when ¢ > 3). The coefficient matrix of ®*
w.r.t. €= {e1, €2} is given by

1 01 2
T‘I’*_(—1 2 1 0)'

Definition 2.4.8. Let ® = By or Cy. For ¥ C &%, denote by Ar, and Hr,
the central toric and hyperplane arrangements defined by the matrix Ty,
respectively. We call these arrangements the arrangements with respect to
the integer lattice.

Remark 2.4.9. Since the matrix P(By) is unimodular, for every ¥ C & (By)
we have an isomorphism of posets of layers: L(Agy) ~ L(Ar,) (see e.g.,
[PP21, §5]). However, det P(Cy) = 2. In general, L(Ay) % L(Ar,) for
U C 1 (C)) (although L(Hy) ~ L(Hr,)).

A positive system ®T(A;_1) of an irreducible root system ® of type Ay
for £ > 2 can be defined as the ideal of ®1(By) (or ®*(Cy)) generated by
€ — € = Zf;_:ll ag. Thus L(Ay) ~ L(Ar,) for every ¥ C & (A,_4).

To describe the exponents of A; when ® is By or Cp, we need information
from the signed graph associated to I.

Definition 2.4.10. Let ® = By or C;. For ¥ C &1 and 1 < i < /¢, define
the subset E; = E;(V) C ¥ by

E;:=E"UE;, where Ef .= {e;+¢; € U |i<j} CU.
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For a € E;, let H, denote the hypertorus defined by «. For example,
a = € + ¢ defines the hypertorus H, = {t;t; = 1}. We then define the
subarrangement B; = B;(¥) C Ay by

B; = Bj U B, WhereB;IE ={H, | a € Ezi} CAy.
Finally, define b~ := |B;"| and b; := |B;| = b} +b; .

In the language of signed graphs (e.g., following [Zas81l §5]), the elements
in E; (V) and E; (V) correspond to the negative and positive edges of the
signed graph defined by W, respectively.

It is not hard to see that for each ideal I of ®*(By) or ®1(Cy), the
elements of the dual partition DP(/) can be expressed in terms of b;(I)’s
and vice versa. However, the numbers b;’s are a bit more convenient for our
subsequent discussion.

In the context of hyperplane arrangements, inductiveness and exponents
of those arrangements arising from ideals of root systems have been studied
since the early 2000s and the main result is the following.

Theorem 2.4.11 ([ST06, ABC™16, Hull6, Ro17, [CRS19]). If I is an ideal
of an irreducible root system ®, then Hy is inductive with exponents DP(I).
Moreover, Hy is supersolvable if ® is Ay, By, Cp, or Gs.

In contrast to the hyperplane arrangement case, the toric arrangement
Ay is not factorable for most cases even when I = ®T. It is known that
the characteristic polynomial of the central toric arrangement defined by an
arbitrary matrix S coincides with the last constituent of the characteristic
quasi-polynomial X3 (¢q) defined by S, that is a periodic polynomial with
integral period [LTY21l Corollary 5.6]. Furthermore, an explicit computa-

tion shows that the last constituent of X%:isi(q) factors with all integer roots

if and only if ® is Ay, By or Cy [KTTI0, [Sut98]. Thus, Ag-+ is factorable if
and only if @ is of one of these three types.

Additionally, a stronger assertion has been proven, that is if I is an ideal
of an irreducible root system of type A, B or C, then Aj is factorable and
its combinatorial exponents can be described by the signed graph associated
to I, see [Tral9).

The theorem we are presenting strengthens this result. We give an ex-
plicit description of the exponents of A; derived from an explicit induction
table, which turns out to be equivalent to the ones in [Tral9]. We also give a
characterization for supersolvability of Ag+ when @ is of type B (Theorem
2.4.23).
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Theorem 2.4.12. The toric arrangement defined by an arbitrary ideal of a
root system of type A, B or C' with respect to the root lattice is inductive.

Before presenting the proof of this theorem, we analyze the different
cases of types A, B, and C separately, discussing the relevant results for
each, in order to integrate them and conclude.

The proof of this result for the type A case in is a simple consequence
of Theorem which we give below.

Corollary 2.4.13. If I is an ideal of a root system of type A, then the
toric arrangement Ar with respect to the root lattice is strictly supersolvable
(equivalently, supersolvable) hence inductive with exponents DP(I).

Proof. Tt is not hard to see that for any ¥ C &+ (A), each layer in L(Ag(Ar))
is connected. Thus L(Ay(Ay)) ~ L(Hw(Ay)) which is a geometric lattice.
By Remark its supersolvability and strict supersolvability are equiv-
alent. Moreover, Aj is indeed supersolvable with exponents DP(I) by The-

orem [2.4.171 O

Hence we are left with the computation on types B and C.

2.4.1 Type C.

We first present the results on type C as the proofs are simpler than those
on type B. We begin by proving a lemma which serves as a template for
some arguments later.

Lemma 2.4.14. Let I C ®+(Cy) be an ideal such that Ey(I) # 0. Define

poo JINEDU2a)) f2a e,
-\ E() otherwise.

Then F can be regarded as an ideal of ®*(Cy_1) and Ar, is a TM-ideal of
Ar,.

Proof. The first assertion is clear via the transformation x; — x;_1 for
2 <i < L. Denote A := A, and F := Ap,. There do not exist XInL(F)
and YInL(A)\ L(F) such that X C Y since the defining equations of any
XInL(F) do not involve t;. Therefore, L(F) is a proper order ideal of
L(A). Note also that the power of variable ¢; in the defining equation of
any HInA\ F is equal to 1. This shows Condition [2.3.1T|(*).

It remains to show that for any two distinct Hy, Hy € A\ F and every
connected component C' of the intersection Hq; N Hy, there exists Hy € F
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such that C' C Hs. We consider three main cases, the remaining cases are
similar to one of these.

(a) Assume Hy = {t1t; = 1} (i.e., &1 +¢; € I) and Hy = {t1¢, ' = 1} for
j>1,k>1,j+# k. Then by the definition of an ideal we must have
€j + exInF (since €1 + €; > €j + €). Hence Hs := {t;jt;, = 1} € F.
Moreover, H; N Hs is connected and Hi N Hy C Hs.

(b) Assume Hy = {t1t; = 1} and Hy = {tltj_l = 1} for j > 1. Then
Hjz :={t; =1} € F and Hy := {t; = —1} € F (since €1 + €¢j > 2¢;).
Moreover, H; N Hy has two connected components; one is contained
in Hs, the other is contained in Hj.

(c) Assume Hy = {t; = 1} (i.e., 21 € I) and Hy = {t1t; = 1} for j > 1.
Then Hjz := {t; = 1} € F (since 2e; > 2¢;). Moreover, H; N Hy is
connected and Hi N Hy C Hj.

This concludes that F is a TM-ideal of A as desired. O

Theorem 2.4.15. Let I C ®1(Cy) be an ideal. Define

) min{l <@ <L E(I) # 0} if I #0,

e+ otherwise,

)min{l1 <i </l |2¢ €I} if there exists 2¢; € I for some 1 <i </,
e+ otherwise.

Then the toric arrangement A, with respect to the integer lattice is strictly
supersolvable with exponents

exp(Az,) ={0" " U b} U200 — i+ D)},

(See Definition for the definition of b;’s.)

Proof. Denote A := Ap,. Note that n < sand b; =0 for 1 <i <n. If
2¢; ¢ I for all 1 <14 < ¢, then I can be regarded as an ideal of ®T (A, 1) by

Remark thus, L(Ar) ~ L(Ar,). By Corollary [2.4.13] A € SSS with
exponents DP(I) = {b1,...,bs}. Now we may assume 1 <n < s < /. Then

2¢; € I and E;(I) # () for all s <14 < /. Define

A Ui (BjU{t§ :1}) ifs<i<d,
U;;}B]’U.As ifn<i<s.
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In particular, As can be identified with Ar, , (Co—s41) (via @; > @i—s41 for
$<i</¥). Then b; =2(¢ —i) for s < i < /.
By Theorem [2.3.12] it suffices to show that the chain

PCAGC- - CA=A

is a TM-chain of A. A similar argument as in the proof of Lemma [2.4.14]
shows that A;11 is a TM-ideal of A; for each n < i < £ — 1 and hence
A € SSS with the desired exponents. O

Recall the definitions of the parameters n < s in Theorem [2.4.15

Theorem 2.4.16. Let I C ®*(Cy) be an ideal. Then the toric arrangement
A with respect to the root lattice is inductive with exponents

exp(Ar) = (0" U bt U (e - DY U e - s+ 1),

Proof. Denote A := Aj.
Case 1. First, we prove the assertion for the case when s = 1, where
I = &, We show that A € IA with the desired exponents by induction on
£. The case £ =1 is clear.
Suppose £ > 2. Let § := 2e; =2, ., ax + oy denote the highest root of
d*. Define
F =&\ (B (®T)U{d}), and F := Ap.

Then F = &1 (Cy_1) (via z; — x;_1). By the induction hypothesis, F € TA
with exponents
exp(F) = {2( — i)} U {t—1}.

Denote A’ := A\ {Hs}. Note that A"\ F consists of the hypertori defined
by the roots in E1(®1). These roots are given by

€1 — € = Z (7% (1<j§£),

1<k<jy
€1+ € = Zak+22ak+ag (1<j<0.
1<k<j j<k<t

Again, using a similar argument as in the proof of Lemma we
may show that F is an M-ideal of A’. Moreover, it is indeed a TM-ideal
since Condition [2.3.11)(*) is satisfied because the coefficient at the simple ay
of all roots in F1(®7) is 1, while that of the roots in F' is 0. Apply Lemma
for L(F) and L(A’) we have that A’ € IA with exponents

exp(A') = exp(F) U {2(0 — 1)} = {2(¢ — ) }i U {¢ — 1},
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Furthermore,it can be shown that the restriction As corresponds to ATq) L (Cov)
by setting t; = tfz . -t;_Ql in the equations involving t,. For instance,
the equation ¢3---t7 ¢, = 1 becomes t; = 1. Thus by Theorem
AHs ¢ TA with exponents

exp(Af) = {2(¢ — D)} 2.
Apply Theorem [2.3.10] we know that A € TA with the desired exponents
exp(A) = {2(¢ — )}{Z3 U {¢}-

Case 2. Now we prove the assertion when s > 1. The set
s—1
J=1\JE{)
i=n

can be identified with ®*(Cy_,,1). By Case 1 above, P := A5 € IA with
exponents
exp(P) = {2(£ — i)}zl u {6 — s+ 1}
Using a similar argument as in Case 1, we may show that the sets F;(I)
for n < i < s — 1 give rise to a chain of TM-ideals for A starting from P.
Applying Lemma [2.3.5| repeatedly, we may conclude that A € TA with the
desired exponents. O

Ezxample 2.4.17. Table shows an ideal I C ®*(Cj), in enclosed region,
with n = 1, s = 3. By Theorem A, € SSS with exponents
{4,6,6,4,2} and by Theorem [2.4.16] A; € TA with exponents {4, 6,4, 2, 3}.

2.4.2 Type B.

The restriction of an ideal toric arrangement of type B is in general not
an ideal toric arrangement. To solve this, we need an extension of the ide-
als so that the corresponding arrangements contain sufficient deletions and
restrictions in order to apply Theorem to guarantee the inductiveness.

Lemma 2.4.18. Let I C ®*(By) be an ideal such that Ef (I) # 0 and let
m = m(I) be the integer so that €1 + €y, is the highest root in E{ (I), in
particular, 2 < m < £ and 20 —m = by. Let 1 < p < £+ 1, define the
extension I(p) of I with parameter p as follows:

Ip) = (I\{e; | p<i <)) U{2e | p<i < 0},

If m < p, then ATz(p) 1s inductive with exponents

eXp(-ATI(p)) ={20-p+1}U{b; 5;11



74 2. Combinatorics

Height
9 2€1
8 €1+ €2
7 €1+ €3 2¢o
6 €1 +€e | €2+ €3
5 €1+€ | 2+ € 2¢3
4 €1 —€ €+ € €3+ €
3 €1 — €4 €2 — €5 €3+ €5 2€4
2 €1 —€3 €2 —€4 €3—€ €4+¢€5
1 €1 — €z €2 —€3 €3 — €4 €4 — €5 2¢s5 ’
Ey Es Es Ey Es=10

Table 2.1: An ideal I in ®*(C5).

Proof. Denote A := Arg, . We may write
A=Ap, U{ti=—-1|p<i< [}

We show that A € TA with the desired exponents by induction on ¢. If
¢ < 2, then A is always strictly supersolvable except when p = 3 and
I = I(3) = ®*(By), in which case A is indeed inductive with exponents
{2,2} by Figure Now suppose £ > 3. Since €1 + €, € I, we must have
€9 + €, € I. Define
J =1\ (E1(1)U{er}).

Then J can be regarded as an ideal of ®*(By_1), via x; — x;_1, with
m(J) < m(I) — 1. Also, EX(J) = E?_EH(I) hence b;(J) = bi+1(I) for
all 1 < i < ¢ —1. Moreover, I(p) \ (E1(I) U {e1}) can be identified with
the extension J(p — 1) since 2 < m < p. By the induction hypothesis,
P = ATJ@?U € IA with exponents

exp(P) = {20 — p} U {bi(1)}(2}. (2:2)

Define
F:=Ip)\{ea+€|m<i<p-—1}, and F := Ar,.

Since 2¢; € F for all p < i </, using a similar argument as in the proof of
Lemma [2.4.14] we may show that P is a TM-ideal of F. Applying Lemma
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for L(F) and L(P) we have that F € IA with exponents
exp(F) = exp(P)U{20 —p+ 1} = {20 —p+ 1,20 — p} U {b;(I)}Za.

Now we show that adding the p—m hypertorit1t,_1 = 1,t1t, = 1,... tity, =
1 to F in any order and applying Theorem to each addition step,
we are able to conclude that A € TA with the desired exponents. Since
20 —m = by, it is sufficient to show that the restriction at each addition step
is inductive with exponents {2¢—p-+1}U{b;(I)}'Z1. Indeed, the restriction at
each step has the form P U{Hj}, where Hj denotes the hypertorus ¢t = —1
for some m < k <p—1. Fix m < k < p— 1. Note that, since €1 + ¢ € I,
€i+e €I CJ(p—1)forall 1 <iz#k. Thus the restriction (P U {Hj})Hx
can be identified with the arrangement ATR(l)’ where R(1) is the extension
with parameter p = 1 of an ideal R of ®1(By_5) (via x; — z;—1 (2 <i < k)
and z; — i—o (k < i < () with b5 (R) = b (1) —1for 1 <i < (-2
Note that the equations b (R) = b (I) —1for k—1 <4 </ —2 follow
from the fact that Uf:;z,l(Ei(R) U {2¢;}) is a root system of type C. Now,
using a similar argument as in the proof of Theorem [2.4.15] we know that
(P U {H}})* is strictly supersolvable hence inductive with exponents

exp((P U {Hg})™) = {bi(R) + 2127 = {bi(1)}/2.

By Theorem [2.3.10|and Equation (2.2)) above, we know that PU{Hy} € TA
for every m < k < p — 1 with the desired exponents

exp(PU{Hi})={20—p+1}U {bi(I)}f;%.
This completes the proof. ]

Theorem 2.4.19. Let I C ®1(By) be an ideal such that €, € I for some
1 <k </ Define

n:=min{l <i < /(| E;(I) # 0},
a:=min{n <i</l|¢ €l and Ef (1) =0},
s:=min{a <i </l |ES(I)#0}.
For each s <i < {, let m(i) be the integer so that €; + €y,(;) is the highest
root in E;(I), in particular, m(j) < m(i) if i < j. Let s < p < {41, recall

the definition of the extension I(p) of I with parameter p in Lemma|2.4.18
Define

t:=min{s <i < |m(i) < p}.
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Then ATI(,,) 1s inductive with exponents
exp(Ary ) = {07 20—p—t4+2}U{b;+1 | iln[a, t—1]}U{b; | iln[n, —1]\[a,t—1] }.

Proof. Denote A := Ar, . The set

a—1 t—1
U@\ U B\ JEW) u{ed)

can be identified with the extension J(p —t + 1), where J is an ideal of
Ot (By_yy1) withm(i) <p—t+1foralll <i</¢—t+1. By Lemmal2.4.18
P = Ar,,_ .., €IA with exponents

exp(P)={20—p—t+2}U {bi(I)}f;tl'

Similarly as in the proof of Lemma we may show that the sets F;([)
forn <i<a—1and E;(I) U{¢} for a < i <t—1 give rise a chain of
TM-ideals for A starting from P. Note that by definition m(i) > p for all
s <1 <t—1. By applying Lemma [2.3.5| repeatedly, we may conclude that
A € TA with the desired exponents. Indeed, the sets above contribute to
exp(A) the exponents b; forn <i<a—1land bj+1fora<i<t—1. O

Example 2.4.20. Table [2.2] shows the extension I(4) of an ideal I C ®*(Bs)
with parameter p = 4. In this case, n = a = s =1 and t = 2 with m(t) =
3 < p, and by Theorem [2.4.19 ‘ATI(4) € IA with exponents {6,7,6,4,2}.

Recall from Remark [2.4.9 that Ay and Az, have isomorphic poset of
layers for every W C & (By).

Corollary 2.4.21. If I C ®1(By), then the toric arrangement A; with
respect to the root lattice is inductive.

Proof. If ¢; ¢ I for all 1 < ¢ < ¢, then I can be regarded as an ideal of
d+(Ay_1) and hence A is indeed strictly supersolvable hence inductive by
Corollary Otherwise, we know that Ag, is inductive which follows
from Theorem by letting p = ¢ + 1. O

Now, by adding together the results outlined above, the proof of Theorem
2.4.12|is completed.

Ezample 2.4.22. From Theorems and Corollary we de-
duce that both Ag+(By) and Ag+(Cy) are inductive with the same multiset

of exponents {¢,2,4,...,2(¢ — 1)}. This fact is similar to the hyperplane
arrangement case.
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Height
9 €1+ €2
8 €1 + €3
7 €1 +€1 €2+€3
6 €1+ €5 €2+ €4
5 €1 €2 +€5 €3+ €4
4 €1 — €5 €2 €3 + €5
3 €1 — €4 €2 — €5 €3 €4+ €5
2 €1 — €3 €2 — €4 €3 — €5 264
1 €1 — €y €2 —€3 €3 —€4 €4 — €5 265 ‘

Table 2.2: Extension of an ideal I in ®*(Bj;) with parameter p = 4.

In contrast to the inductiveness, the toric arrangement of a root system
of type By is not supersolvable for most cases.

Theorem 2.4.23. Suppose ® = By for £ > 1. Then Ar,, s supersolvable
if and only if £ < 2.

Proof. Let A:= A, ,, denote L = L(A) and z = (-1,-1,...,—1) € L. By
Lemma L<, is isomorphic to the intersection lattice L(Hr,  (De)) of
the hyperplane arrangement of a root system of type Dy.

If ¢ > 4, then L<, is not supersolvable by Remark Therefore, L is
not locally supersolvable hence not supersolvable.

When ¢ < 3, however, L<, is always supersolvable. We need a direct exam-
ination for the supersolvability of L. The assertion is clear when £ = 1. The
case £ = 2 is shown in Figure Now we show that L is not supersolvable,
though locally supersolvable, when ¢ = 3 by showing that L does not have
an M-ideal of rank 2.

Suppose to the contrary that such an M-ideal exists and call it ). Denote
HZ = {tit; = 1} and H;; := {tﬁ;l = 1}. First, notice that a rank-2 ele-
ment of the form ¢; = ¢t; = —1 covers exactly two atoms, namely H;jr and
H: .. If these atoms are not in (), then Lemma fails, and hence at

ij
least one of them belongs to @ for every pair of indices i # j € {1,2,3}.
Moreover, we may deduce that exactly one of H;; and HZ; belongs to Q.
Otherwise, the join HZ VH;;VH where H is either H;Z, or H for k ¢ {i,j}
contains an element of rank 3, which contradicts the join-closedness of Q.



78 2. Combinatorics

We consider two main cases, the remaining cases are similar to one of these:

(a) If H{,, Hi5, and Hyf all belong to @, then their join consists of rank-3
elements, which leads to a contradiction;

(b) If Hy, H{5, and H,; all belong to @, then @ has no atom of the form
t; = 1. Otherwise, joining it with H 1+2 vV H 15 V Hys would yield a rank-
3 element within (). Hence, the only rank-2 element in @) would be
HEVHEV Hyy = {ta =t3 = tfl}. However, this is not an element
of L<(1,—1,-1), which contradicts Condition (2)

This completes the proof. O



Chapter 3

Generalized elliptic
arrangements

This chapter studies elliptic arrangements in the context of elliptic curves
with complex multiplication &€ = C/A. The first section defines these ar-
rangements and recall the structure of the endomorphism ring of £. In the
following sections, we compute the number of connected components in in-
tersections of subvarieties (Theorem and show that this information,
along with the rank, associate to an elliptic arrangement the structure of an

arithmetic matroid (Theorem [3.3.3)).

3.1 Definition of elliptic arrangements

The protagonists of this chapter are, as already mentioned, elliptic curves
with complex multiplication & = C/A. Let us consider a morphism

. £ — £
p = (a,p)=aipi+ -+ anPn,

where v = (a1, ,a,) € End(€)". The kernel of ® defines a subvariety
in £", denoted by Hg := ker(®). Let us introduce a notation that will
be consistently used throughout this chapter: we denote the endomorphism
ring of the elliptic curve £ as R := End(&).

Definition 3.1.1. Let £ be an elliptic curve with complex multiplication.
An elliptic arrangement is a finite collection of subvarieties

.A = {HZ = H<I>i = ker(@i)}ieE,

79
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where, for every i € [k], ® € Hom(E™,€) and @;(p) = (a4, p), with a =
(i1, , i) € End(€E)", and E is a finite set with a total order, |E| = k.
Let A = (ij)icli],jeln] € Matgxn(R) be the matrix associated to the ar-
rangement with coefficient in the endomorphism ring of the elliptic curve.

What distinguishes these arrangements from traditional ones lies in the
structure of the endomorphism ring of the elliptic curve £. When only in-
teger multiplication is considered, the endomorphism ring is Z, classifying
the elliptic arrangement in the class of abelian arrangements, as defined in
Chapter 1. However, new phenomena arise when the endomorphism ring
strictly contains Z. This section will hence focus on discussing and studying
the ring R := End(€), with [ST92] as our primary reference.

Let € be a genus-1 smooth Riemann surface with End(€) 2 Z. All such
& admit a representation of the form C/A, with A = spany{1,7}. We recall
some properties of End(€) and A.

Let m be a square-free positive integer, and consider K, = Q(v/—m) an
imaginary quadratic number field. Let

Ly/om Y ifm=3 mod 4,
w =
v—m otherwise,

and recall that O, = Z[w] is the ring of integers of K,,, i.e. the subring of
algebraic numbers o € K, whose minimal polynomial f, over Z is monic.
In the first case of Equation we have f,(w) = w? —w +m’ = 0 where
m = 4m’/ — 1, while in the second case f,(w) = w? +m = 0. There exist
integers a, b, ¢ with ged(a,b,c) = 1 such that the number 7 = % e K,
generates a lattice A = spany{1,7} with &€ =2 C/A and the group structure
of £ coincides with the additive group structure of C/A.

The following two results give an explicit presentation of End(€). We denote
by A, the linear map given by multiplication by «, i.e. z — az.

(3.1)

Lemma 3.1.2. With the notation above, the ring End(E) is isomorphic to
the ring
R={aeA : aA CA}

via the isomorphism R — End (&) defined by o — A,.

Proof. An endomorphism of £ is a holomorphic function f : C/A — C/A.
This means that, in a neighborhood of 0, the map f is given by a convergent
power series. Furthermore, f must preserve the group structure, hence

flz1+ 22) = f(21) — f(22) €A,
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for all 21, 2o in a neighborhood of 0 € £. Let U be such a neighborhood and
let us consider amap g : UxU — A such that g(z1,22) = f(z1+22)— f(21)—
f(22). This is a continuous function and it is constant. After substituting
we obtain ¢(0,0) = —f(0), hence for all z € U

o) — i FEEW =) L F(E) — £

h—0 h h—0 h

= 1'(0).

Thus, f is linear and since f(0) = 0 it exists a € A such that f(z) = az and
clearly aA C A. I

Lemma 3.1.3. The ring R is an order of On, and a basis is given by
{1, N7}, where
N =%/ ged(c, ? det A,).

Proof. The first step of this proof consists in showing that R is a subring of
Onm.-
Note that oA C A if and only if -1 € A and o - 7 € A. The first condition
is equivalent to @ = = + y7 for some z,y € Z, thus the second condition
becomes ot = 7 + y72 € A and hence y7? € A, i.e. yr?> = ht + k for
some h, k € Z. If we multiply this last condition by y we obtain the monic
relation (y7)% — W' (y7) — yk' = 0, hence y7 € O,, as desired.
Now, in order to compute the generators of R and describe its structure,
write

_ay by

Yyr = — + —w.
c &

Since 1 and w generate O,, and y7 € O,,, we have that ¢ | ay and ¢ | by,
thus ¢ | ged(a, b)y. By assumption ged(ged(a, b), ¢) = 1, so we conclude that
¢ |y, ie y=cy for some y' € Z. The last step is to verify for which ¢’ we
have y'ct? = y/(a + bw) € A. Recall that the minimal polynomial over Q of
T is f;Q =22 —tr A,z + det A, where

2a+b)/c ifm=3 mod 4,
tr A (3.2)
rA; = :
2a/c else,
det A (a® +ab+b*m')/c2  if m=3 mod 4, (33)
et A, = :
(a® + b*m)/c? else.

We write tr A, = 7/c and det A, = §/c?, so 72 = Ir — S With this
notation, y'ct? € A is equivalent to:

e}

/

1
weZ and Y ez
c
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The former is trivially true, and the latter implies ¢’ is divisible by ¢/g with

g = ged(c, 0).
We now have that a basis for R is {1, N7}, where N = ¢/ ged(c, ¢ det A;)
as desired, and hence R is an order of O,,. ]

3.2 Description of connected components

Given an elliptic arrangement A, we define A = (ij)ic) jefn) € Matkxn(R)
to be the matrix associated to A, whose i-th rows represents the i-th subvari-
ety of the arrangement. It gives rise to maps Ap : R® — RF, Ax: A" — AF,
Ac: C" — CF and Ag: &" — EF, and for convenience if we omit the sub-
script then we mean Ay .

We are interested in the number of connected components of all intersections,
i.e. in the number of layers of Ag for every S C [k]. To describe Ag let A[S]
be the submatrix of A of those rows indexed by ¢ € S. Likewise write Ag[S],
Ap[S] and Ac[S] for the maps as before. Thus, Ag = (;cg Hi = ker A¢[S].
In order to present the main result of this section, let us first consider the
following diagram, where the second and third rows describe the elliptic ar-
rangement and the first and fourth make an exact sequence, with 0 the map
obtained via the snake lemma:

0 —— ker A[S] — ker Ac[S] As
l l !

0 A cr g 0
TA[S] [ AclS] [ Ag[S]

0 AS L cs gs 0

coker A[S] 5 coker Ac[S] = coker Ag[S] ——— 0.

Diagram [3.2.1]

From this diagram, we obtain a short exact sequence with middle term
Ag such that, as stated in the following lemma, the sequence splits and gives
us a decomposition of Ag. This decomposition allows us to derive an initial
result regarding number of layers of Ag.

Lemma 3.2.2. Let A be an arrangement in E™ where € is an elliptic curve
with complex multiplication. For all S C [k] we have the following SES:
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0+ K ACl o 05 s > tor e A8 .

SES[3.2.3
Moreover, this sequence splits as Z-modules.

Proof. First, we show Im 9 = kerz. Indeed, since coker Ac[S] = C*~" with
s = #5, it has no torsion, thus tor coker A[S] C Imd. The other inclusion
follows from the fact that for p € £" we have d(p) = 1~ }(Ac[S](x)) +
A[S](A™). Here z is any lift in C" of p, and since p € ker A¢[S] we have that
Ac[S](z) is in A®. This implies that the coordinates of 2 are rational, so they
can be cleared out by a positive integer. Therefore Im 0 = tor coker A[S].
From the first and fourth row of Diagram [3.2.1] and the snake lemma

we readily get the SES [3.2.3] Moreover, ker AclS Yier A A9 is a divisible
abelian group, thus as a Z-module it is injective and the sequence splits. [J

Remark 3.2.4. Note that, as a Z-module or as a R-module tor coker A[S] is
the same group.

Lemma 3.2.5. Let A be an arrangement in E™ where & is an elliptic curve
with complex multiplication. For all S C [k] the number of layers in Ag is:

m(S) = #connected components(Ag) = # tor coker Ap[S].

Proof. From Lemma [3.2.2] we get that
Ag = tor coker A[S]| @ ker Ac [S}/ker A[S]

Moreover, ker Ac[S] = C*" with r = rk A[S] and ker A[S] C ker Ac[S] is

ker Ac[S]

a lattice, so Yeer A[S] is a finite product of elliptic curves, thus

connected, and the result follows.
O

Remark 3.2.6. The behaviour of the SES (3.2.3) is more intrincate when

regarded as R-modules. In that case, it is not possible to apply the same

ker Ac[S]/ker AL[S) is not

an injective R-module and hence the sequence does not necessarily split.

argument as in the proof of Lemma [3.2.2] since

While the earlier remark stands, it is still possible to achieve a stronger
result. Let us start with a motivating example.
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Example 3.2.7. When n = k = 1 we have a map of the form A, for some
a=1x+yNt € R. We claim that

AJoA = R/aR

as Z-modules. For this we write A, as a matrix A in the basis {1,7} of
A, and as a matrix A in the basis {1, N7}, and we compare their Smith
normal form. As in the previous section, let ~,d be the integers such that
tr A, = 7/c and det A, = §/c®. Moreover, set g = ged(c,d) and ¢ = gc’ and
§=gd. So N =c%/g=g(d)? We get

x —yd’ N r —ydg(cd)?
A= 12 / A= /
yg(d)® z+yye y xtyyc
Clearly det A = det A. We are done if we prove that the ged of the entries
of A and of A coincide. By Euclidean algorithm this is equivalent to:

ged (z,yged (g(c)?,8,~v¢)) = ged (z,y ged (1,8'g(c')?, 7))

which is true if

ged (g(c')Q, 5,,’76/) =1 (3.4)

Since by definition ged(c/, ") = 1, we cancel out ¢ and we are left with
proving that ged(g,d’,v) = 1. This is proven in Lemma below.

Lemma 3.2.8. For 7 = (a + bw)/c with gcd(a,b,c) = 1, we have that

c2det A,
ged(e, ¢ det A,

ged <ng(C, ? det AT)? ))CtrAT> = ng(g76/7’7) =1

Proof. Let us consider the discriminant of ¢f® which, recalling eq. (3.2)) and
eq. (3.3)), is given by

3.5
—4b%m  else. (3:5)

—b? if m=3 d 4,

25— { m if m mo
Suppose there is p prime that divides ged(g,d’,7). So p? | 2, and since
§ = g&' we also have p? | 6. If m = 3 mod 4, then —b*m =2 — 45 = 0
mod p?. Otherwise —4b>m = v2 — 46 = 0 mod p?. In both cases m is
square-free, so we get p | b, respectively p | 2b. In the first case 2a+b=~v =0
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mod p, in the second case p | 2a, so in both cases we have that p | 2 ged(a, b).
Asp|g, and g | ¢, and ged(a, b, c) = 1, we are left with p | 2.

To conclude, assume that p equals 2. If m =3 mod 4, by the previous
reasoning 2 | b and 4 | § so 0 = § = a® + ab + b*m’' = a? mod 2. This
implies that ged(a,b,c) = 2, a contradiction. If m # 3 mod 4, then 4 | 0
and so 0 = § = a®? + b®>m mod 4. If b is even, this forces a to be even and
we arrive to a contradiction as before. Thus, b is odd, so b> =1 mod 4 and
we have a? +m =0 mod 4. If a is even, then 4 | m, contradicting that m
is square-free. If a is odd, then m = 3 mod 4, contradicting that m # 3
mod 4, so we are done. ]

Example together with Lemma [3.2.8| prove, in the case n = k =1,
the isomorphism A/a A = VaR as Z-modules, while not necessarily as R-
modules. The following lemmas provide a result for arbitrary n, k.

Lemma 3.2.9. The primitive minimal polynomial f% of T over Z equals
NfQ where fQ =72 —tr A, 7 + det A,.

Proof. We have

~ 1)
NfQ(z) = Nz* - N-z+ N
_ g(cl)222 _ C/’YZ+(5/,

the three coefficients of the last polynomial are coprime by Equation ([3.4)).
O

Now, consider the basis {1, 7} of A, each entry of Aj expands into a 2 x 2
matrix, as in Example to get a matrix in Matz(2k,2n) representing
Ap. Likewise, the basis {1, N7} gives a matrix in Matz(2k, 2n) representing
Apg. By reordering the bases, we can write:

A (X e A _ (X -YON
AT YN X+Yq¢d E=\y X+vyd)’

with X, Y € Maty(k,n). In the following, we claim that the cokernels of
both matrices concide.

Lemma 3.2.10. Given Ap: R" — RF and Ay: A" — A* we have that
AFJAN(A") 2= RYJAR(R")

as additive groups.
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Proof. We regard R and A as Z-modules again. Write A for Ay and A for
Apg. Since equality of submodules is a local property, the goal is to prove
that for all primes p € Z the localizations A, : (Z,))*" — (Z(p))% and

fl(p): (Z(p))2" — (Z(p))% have isomorphic cokernels. First assume that p
does not divide N. Let I be the k x k identity, and I,, the n x n identity.
We have

(X =Y8 N\ (I, 0N(X -YONN\(L 0 \_ s
A_(YN X—I—Y'yc’>_<0 le) <Y X—I—Y'yc’><0 N1]n>_SAT’

where S and T are suitable matrices. If p does not divide N, both S and
T are invertible matrices in Z), thus Im A = Im(SAT) = S(Im A) shows

Im A and Im A are isomorphic.
When p | N we modify A and A in the following way:

, (L O0\(X Y& \[(L o0
A _SaATa_<—aIk Ik> <YN X +Yyd) \al, I,

B X —Yad -Yd
T \Y(N +ayd +a%) X +Y(yd +a)

A= gaé’ATa(S/ _ <Ik —5aIk> <X ~YJ&'N > (In 5a[n>

0 I, Y X+Yrd 0o I,
(X —-Yad -Y&(N +ayd + a?d)
N Y X +Y(yd +&a)

for some a € Z. Note that A’ is of the form of the previous case. Write
N'(a) for N + ayc' + a?§’. If there is a choice of a such that N'(a) # 0
mod p, then we can conclude. Now we show that such an a always exists.
Indeed, Regarding N'(a) as a polynomial over Z/pZ, it is non-zero because
ged(8',v¢, N) = 1 as in Example Thus it has at most 2 roots, this
means we are done if p > 3. If p = 2, then N = g¢ = 0 mod 2, and 2
divides either ¢/ or g. If 2 | ¢, then N’(a) = a®> mod 2 and we are done.
Similarly, if m # 3 mod 4, then 2 | v and again N’(a) = a® mod 2. Finally,
if 2| g and m = 3 mod 4, then 2 | §, that is a®> + ab+b*> =0 mod 2. As
we argued before, the only way this can be true is if a = b =0 mod 2, but
since 2 | g then 2 | ¢, contradicting that ged(a, b, c) = 1. O

The previous discussion and Lemma|[3.2.10|allow us to state the following
theorem, which extends Lemma |3.2.5| and gives a complete characterization
of the number or layers of an elliptic arrangement A.
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Theorem 3.2.11. Let A € Matyx,(R) describe an elliptic arrangement A

in an elliptic curve € = C/A that has complex multiplication. For all S C [k]
we have

m(S) = #connected components(Ag) = # tor(coker Ay [S]) = # tor(coker Ar[S]).

S S
Moreover, the modules A /AA[S] (A™) and R /AR[S] (R) are isomorphic as
Z-modules, but not as R-modules.

3.3 Arithmetic matroid

The goal of this section is to prove that it is possible to associate the struc-
ture of an arithmetic matroid to an elliptic arrangement, similar to the
approach of the toric case. Before showing the construction of it and its
associated properties, we will provide a brief introduction.

Definition 3.3.1. Let E be a finite ground set. A matroid on E is given
by a function rk : P(E) — N that satisfies:

(rl) rk( =0,
(r2) tk X <rk(X Ui) <rkX +1 for every X C F and i € F,
(r3) tk(XUY) +rk(XNY) <rkX +1kY for every X,Y C E.

These axioms represent an abstraction of the following example, known
as the realizable matroid. Given a list of vectors (ve)eep indexed by E
in some finite dimensional vector space V over some field K, set tk.§ =
dimg (ve | e € S) for every subset S C E. The connection to arrangements
becomes clear when considering a list of functionals defining a hyperplane
arrangement A4 in K™. The realizable matroid associated to them is cryp-
tomorphic to the matroid defined via the lattice of intersections: the rank
of  in a lattice is the length of a maximal chain in the downset L(A)<,.

Going further, arithmetic matroids originally arose when considering ar-
rangements in a torus instead of in V' [DM13]. Here the functionals defining
the arrangement live in a module M over Z. We set rk S to the rank of
the submodule (v, | e € S)z, which satisfies axioms and
Moreover, consider the number m(S) of connected components in the in-
tersection [);cg H;. The question of axiomatizing m(S) was addressed in
[DM13, BM14], which we recall now.
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Denote by [X,Y] the interval {S C E: X C S C Y} in (P(E), Q).
We say that [X,Y] is a molecule if we can write Y as a disjoint union
Y = X U F UT such that for each S € [X,Y] we have

rk(S) =1k(X)+#X NF.

Definition 3.3.2. An arithmetic matroid (E,rk,m) is an underlying ma-
troid (E,rk) plus a function m: P(E) — N such that the following algebraic
axioms are satisfied:

(A1) For all S C E and ¢ € E: if rk(S U14) = rk(S5), then m(S U ) divides
m(S); otherwise m(S) divides m(S U 1).

(A2) If [X,Y] is a molecule then

m(X)mY)=m(XUF)m(XUT).

Moreover, the following geometric axiom must be satisfied, which intuitively
expresses a count of connected components via inclusion-exclusion:

(P) If [X,Y] is a molecule, Y = X UFUT, then the number p(X,Y") given
by
p(XY) = (=0T 37 ()M Blm(s)

Se[X,Y]

is greater or equal than 0.

In the context of elliptic arrangements, it is possible to obtain similar
results to those of the toric case. Indeed, as stated in the following theorem,
the information of codimension and number of layers of intersections of an
elliptic arrangement still defines an arithmetic matroid.

Theorem 3.3.3. Let A = {H; = ker(®); | ®; € Hom(A",A)}icr be an
elliptic arrangement. Given a subset S C E, set rka(S) = codim.Ag
and m4(S) = #connected components(Ags). The triple ([k],tka,m4) is an
arithmetic matroid.

We prove individually each axiom. First, recall that by Theorem [3.2.11
the multiplicity m(S) := my4(S) = #tor(A%/Im Ag). For convenience,
write Gig for tor(A®/Im Ag). Note that if X C Y, then the natural pro-
jection m: AY — AX induces a map 7 : Gy — Gx with the following
properties.
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Lemma 3.3.4. Let A = {H;};cpi) be an elliptic arrangement, S C [k] a
set and i € E an element. Consider the map 7: Gsy; — Gg induced by
projection.

(1) If rk(S U i) =rk(S5), then 7 is injective.
(2) If rk(S U 1) # rk(S), then T is surjective.

Proof. First, notice that there exists a nonzero integer k£ with ke; € Im Agy;
if and only if k(S U4) > rk(S). This is because rk(S U i) = rk(S) if and
only if the i-th coordinate is linearly dependent on those indexed by S.

Item (1): let © € Gsu; be nonzero, and v € ASY a representative. This
means mv € Im Ag; for a nonzero m. If v € ker 7, there exists x € A" such
that m(v) = Ag(x). Thus, v + Ae; € Im Agy; for A = Agyi(x); — v;; also
mAe; = m(v + Ae;) — mo is in Im Agy;. By the first remark mA = 0, so
A =0 and ker 7 is trivial.

Item (2): Let © € Gg, and v € A® a representative. This means mv €
Im Ag for a nonzero m. Thus, by a similar argument as before, there exists A
such that (mw,0)+ \e; is in Agy;. Moreover, by the first remark let k € Z\0
such that ke; € Im Agy;. Thus, km(v,0) = k((mv,0) + \e;) — mA(ke;) is in
Im Agy;, hence (v, 0) is a torsion element in Gg; and also a lift of v, proving
that 7 is surjective. O

Corollary 3.3.5. The triple ([k],rka,m4) satisfies Axiom (A1)

Next, if [X,Y] is a molecule with Y = X U F U T, we can consider the
maps from the previous lemma to get a commutative square.

0 —— Gxurur —— Gxur

| |

0 —— Gxur — Gx

| |

0 0
Diagram [3.3.6

This diagram can be extended and used to verify Axiom [(A2)|, as shown

in the following lemma.

Lemma 3.3.7. In the context of Lemma the triple ([k],rka,m4)
satisfies Aziom |(A2). That is, if [X,Y] is a molecule withY = X UFUT
we have that

mA(X) maA(XUFUT)=mu (XUF) ma(XUT).
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Proof. We complete Diagram [3.3.6] and apply snake lemma to get Dia-

gram B35}

0 ker ker ¢ ker 1)

0 —— Gxurur — Gxur» Gxur/Gxurur —— 0
® P )

0 Gxur Gx Gx/Gxup — 0

0 0 0 0.

Diagram [3.3.8

The result follows from the third column if we prove that ker is triv-
ial, that is ker ¢ and ker ) are isomorphic. We then proceed showing that
ker ¢ — ker 1) is surjective.

If 3 is in ker 1, there is a representative in AX"F of the form (0, v), where
the zeros are for the coordinates indexed by X, such that there is a nonzero
m with (0, mv) = Axyp(x) for some x € A". Since rk(X UT) = rk(X),
the coordinates indexed by 71" are dependent on those indexed by X. Thus,
(0,mv) = Axyrp(x) implies (0,mv,0) = Axyrur(xz). Hence (0,v,0) is a
torsion element in Gx g and also the desired lift for g. O

So far we have proved the truth of Axiom |(Al)[ and Axiom |(A2)l To
verify Axiom |(P)| we will introduce a new combinatorial object: the dual
matroid. First, let us start with its definition.

Definition 3.3.9. Given a triple M = (E,rk,m) we define the dual rank
function tk*(S) and the dual multiplicity m*(S) as

rk*(S) = #85 — 0k E — tk(E\ S)), m*(S) = m(E\ S). (3.6)

By [DMI3l Lemma 2.2], if M is an arithmetic matroid, then so is M* =
(E,rk*, m*) and we call it the dual arithmetic matroid. Notice that (M*)* =
M. By [BM14] Section 2] Axiom is equivalent to Axiom |[(A2)| together
with:

(P1) f X CY C E and vk X =1kY, then p(X,Y) > 0.
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(P2) If X CY C F and rk* X =1k™ Y, then p*(X,Y) > 0, where p* is the
analogous expression for the dual matroid.

We will first prove that our construction satisfies Axiom |(P1), Follow-
ing this, we will develop a dual construction to verify Axiom |(P2)[right after.

In this setting, in order to verify Axiom |(P1)|, we need to prove that, for
an elliptic arrangement A,

pY)= Y (—)PENIm(s)

Se[X,Y]

is non-negative. We abuse notation by writing CC(S) for the connected
components of Ag = (g Hi.

Lemma 3.3.10. Let A = {H;}icp) be an elliptic arrangement. For all
X,Y C [k] with tk X =1kY we have

p(X,Y):#(CC(X)\ U CC(XUi)).

iEY\X

Proof. Since rk X = kY, we have that set-theoretically CC(S) N CC(T) =
CC(SUT) for all S,T C Y. In particular, it follows CC(T") D CC(S) when
S C T. Furthermore, recalling that m(S) = # CC(S), the result follows
from a straightforward application of the inclusion-exclusion argument. [J

Corollary 3.3.11. In the context of Lemmal[3.3.3, the triple ([k],tk 4, m4)
satisfies Aziom |(P1).

Regarding Axiom it will naturally follow from duality once we
realize M* with our elliptical arrangement construction. This is precisely
the goal of the final part of this section.

Since a similar construction has been made for the toric case, for which
the structure of a matroid and a dual matroid associated to an arrange-
ment are analogous to our case, we will follow the ideas of D’Adderio and
Moci of our main reference [DMI13, Section 3.4] and generalize to elliptic
arrangements. We will refer to this as a weak dual because the operation of
dualization, when applied twice, does not return the original matroid.

First, let us recall arithmetic matroids realizable by toric arrangements.
Fixed k elements P = {pi1,...,pr} C Z" (the same construction works
when considering a set of points in any finitely generated abelian group),
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the associated arithmetic matroid Mp is defined as follows. For any S C P,
let Gg be the largest subgroup of Z™ such that the index [Gg : (p | p € S)]
is finite. Consider then

rkp =1k(S) =1k{p [ p € §) and mp(S) = [Gs : (p|p € 5)].

The triple Mp = ([k], rkp, mp) is an arithmetic matroid.

Remark 3.3.12. Note that in Z™, as proved by Stanley in [Sta91l Theorem
2.2], the multiplicity of Mp is the greatest common divisor of the nonzero
minors of maximal rank of the matrix associated to P, i.e. the matrix whose
i-the row is p;.

Second, recall arithmetic matroid contraction. Given an arithmetic ma-
troid M = (E,rk, m), the contraction M /T by a set T C E is an arithmetic
matroid on £\ T with rank and multiplicity given by

rayr(A) = tk(AUT) —1k(T) and mypr(A) = m(AUT),

for each A C E'\ T. It is straightforward to see that any axiom satisfied by
M is also satisfied by M/T = (E \ T,7y/7, M), which we will denote,
for simplicity, (E'\ T,r',m’).

Finally, let Q = {q1,...,¢.} C ZF be the columns of the (k x n)-matrix
A whose i-th row is p;. Also, let e; be the i-th standard vector of ZF and
B = {e1,...,e} C ZF. Now we consider the matrid Mpyg associated to
BUQ.

Lemma 3.3.13 ([DM13], Theorem 3.8]). For k elements P = {p1,...,pr} C
Z"™ the dual (Mp)* is isomorphic to the contraction (Mp,o/Q) = (B, k', m/)
via the map S +— Bg where Bs = {e; | i € S}.

Proof. Let A be the matrix associated to P, hence the matrix whose i-th row
is p; as above. Consider Bg C B for some S C [k] with s = |S| elements. We
compute rk’(Bs) = rkguo(Bs U Q) — rkpuo @ and m/(Bs) = mpuo(Bs U Q)
using the (s+4n) x k-matrix (I,[S] A) T, where I}, is the k x k identity matrix.
Both quantities remain constant if we sum any integral multiple of a row to
another of (I[S] A)T. With the rows of I;[S], we clear the columns indexed
by S and get (I;[S] A)T. Here the j-th column of A equals that of A if
j &S, and 0 otherwise. E.g. if S were {j}, we would have

ail ... ajl .. AR ailp ... 0 ... Akl

aip .. ajn co. Qkp aip ... 0o ... Qlen
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Straightaway we get a rank which coincides with Equation (3.6]):
' (Bs) = rk(I[S] A)T—rk Q = s+1k A[S¢]|—rk AT = #5—(rk M4—1k([k]\S)).

Regarding the multiplicity, as stated in Remark m(BsU Q) equals
the greatest common divisor of all maximal minors of (I;[S] A)". Any
nonzero maximal r X r-minor includes all columns indexed by S. Indeed, if
the j-th column missed for j € S, also the row e; would miss, otherwise the
minor would be zero. But then the j-th column and the e; row can be added
to get a nonzero (r+ 1) x (r + 1)-minor, contradicting maximality. Also all
rows e; with j € S are in the maximal minor, otherwise a column would be
zero. The remaining rows are from A. By a cofactor expansion we reduce
the calculations to A[S¢], and hence m/(Bg) = m([k] \ S), as desired. O

Let us now consider an elliptic arrangement A in (€)™ defined by the
family of morphisms ® = {¢;: £" > E}icpy, given by ¢i(x) = (a;, ), where
a; € R". Let A’ be the matrix associated to the arrangement A and, identi-
fying with ® the set of the elements a; € R", let M 4 := Mg be the associated
arithmetic matroid.

Since R = (1, N7) is a lattice in C, let us consider C/R, the dual elliptic
curve of £, and the elliptic arrangement in (C/R)"™ defined by the matrix
A= (AT, Let U := {Witiem Y5 ¢ (C/R)* — (C/R), be the family of
the transposed morphisms associated to the rows of A and Q := {e/}sepy
the family of the standard morphisms, i.e. & : (C/R)* — (C/R) is the
projections into the ¢-th coordinate.

The union QU W gives an arrangement of n + k hypersurfaces in (C/R)",

T
whose associated matrix is <{Z{> € Mat () xk ().

In this setting, the following lemma is essential for concluding our dis-

cussion and presenting the construction we refer to as the weak dual.

Lemma 3.3.14. The dual (Ma)* = ([k],r%, m%) is isomorphic to the con-
traction Moy /¥ = (Q,r',m’) via the map S — Qg with Qg = {e; | i € S}.

Proof. 1t follows from Lemma(3.2.10|and from the proof_ of Lemma|3.3.13] In
this case, the matrix to consider is (Iox[S] Az)" where S = {i,i |i € S}. O

Following this lemma, we refer to Mquy as the weak dual of M y4: per-
forming dualization twice does not yield the identity, and both the dimen-
sions and the number of hypersurfaces do not correspond to what one would
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expect in a dual structure. To better understand this structure, consider
the following diagram,

hypersurfaces in (C/A)" hypersurfaces in (C/R)*
A Mouw

Elliptic arrangements of k Elliptic arrangements of n+ &
{ }

where W D denotes the weak duality just defined, % represents the well-
known classical duality, and ¢ is the map that quotients by ¥, as described
in Lemma [3.3.14] This leads to the following corollary.

Corollary 3.3.15. In the context of Lemma the triple ([k],rka,m.A)
satisfies Aziom |(P2).

Proof. By Corollarythe triple Mpuo = (BUQ, rkpyo, mpuo) satisfies
Axiom This implies that the minor Mp,o/Q satisfies Axiom to
prove the relevant equality just consider the molecule [X U Q,Y U Q] in
Mpuo when given a molecule [X,Y] in Mpyo/Q . Now by Lemma
Axiom holds for (M 4)*, which as observed before proves Axiom
for M 4 by duality. O

By combining all the above results, it is possible to modify the diagram
above by replacing triples with arithmetic matroids, and we have a proof of
Theorem [3.3.3
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