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Introduction

The interplay between commutative algebra, combinatorics and algebraic
geometry has been widely exploited in the last decades, providing very
deep and interesting results, as well as unlocking completely new fields
of mathematics, such as toric geometry and combinatorial optimization,
that found applications in areas that were classically considered very far

from abstract mathematics, for example in statistics and physics.

Motivations and history

A key role in combinatorial commutative algebra and combinatorial al-
gebraic geometry is played by monoids and their algebras, that represent
the interface between combinatorics and algebra in the playground of
toric geometry.

Although toric geometry is very powerful and gives many explicit results,
the class of toric varieties is rather small; indeed affine toric geometry tells
us mainly about ideals that are generated by binomials of the form X% —
X#. But many other ideals have interesting combinatorial properties, for
example Stanley-Reisner ideals are related to simplicial complexes, and
(strongly) stable ideals are related to posets of monomials.

In this direction, many efforts have been spent on trying to adapt and
extend the methods of toric geometry to other classes of varieties and
ideals; for example the toric face rings and the concepts of log geometry,
although from different directions and with completely different methods,
go in this direction of expanding the field of applications of toric methods.
The introduction of binoids (also known as pointed monoids) allows us
to unify the description of toric geometry and monomial ideals, both
reduced and not. We refer to the PhD thesis of Simone Bottger [Bot15]
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for basic definitions and properties of binoids.

Binoids are of interest in many active areas of mathematics, and they go
often under various names. For example, Jaret Flores in his PhD thesis
[Flo15] developed homological algebra for pointed monoids, including in
his work the paper [FW14] written with Charles Weibel. This links bin-
oids with Fy, the field with one element, and algebras over it. Geometry
and algebra over F; has been developed a lot recently; a good review of
the land of F; geometry is the article by Javier Lépez Pefia and Oliver
Lorscheid [LPL11]. The last author introduced the concept of blueprints
in [Lor12], in order to unify the description of binoids and their algebras
and produce a common scheme theory.

We are interested in a geometric invariant of the binoids and their binoid
algebras, namely their Picard group, the group of line bundles defined
on their spectrum. Although the study of the Picard group goes a while
back (Steven L. Kleiman in [Kle05] even says “The Picard scheme has
roots in the 1600s”), we are interested in a more direct application to
algebras and rings, for example the results on factoriality of Dedekind
domains, that date back to the 19th century.

More recently, the Picard group has been studied in relation to positively
graded and seminormal rings; it is worth quoting the paper from M.
Pavaman Murthy in 1969 [Mur69] where it is shown that for a positively
graded normal ring the Picard group is trivial, and the papers from Carlo
Traverso in 1970 [Tra70], Richard G. Swan in 1980 [Swa80] and David F.
Anderson [And81] where the seminormal case is covered, and it is shown
that in this case Pic(A) = Pic(A[ X1, ..., X,)]).

These results are about rings and their affine spectra, but we will mainly
look at what we call the punctured spectrum of a binoid algebra. Every
binoid is local, and its spectrum (the collection of its prime ideals), that
is finite and can be equipped with a very natural partial order, has a
unique maximal point, that we call M,. Although its algebra is not
always local, it contains the special ideal K[M], usually referred to as
the irrelevant ideal, that is often a singularity; in order to study it, we
remove this point, and we call what is left the punctured spectrum of the
binoid algebra, i.e. Spec® K[M] = Spec K[M] \ K[M], where K[M,] is

the irrelevant ideal.
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Recall that the Picard group can be defined for any scheme X as the
group of line bundles on X with operation the tensor product over Ox,
and it is denoted by Pic(X). We call the Picard group of the punctured
spectrum of a binoid (resp. a binoid algebra) its local Picard group,
and we denote it by Pic°(M) (resp. Pic'°(K[M])). One of the main
goal of this project was to address the question on whether there are
relations between the Picard group of the punctured spectrum of the
binoid (Pic!°¢(M)) and the Picard group of the punctured spectrum of its
algebra (Picl°¢(K[M])). In some cases, we are able to give closed formulas
for the computation of these groups, in terms of the combinatorics of
some common objects underlying the binoid and its algebra, through the
study of the cohomology of the sheaf of units O*. Clearly the field does
not play any role for a binoid, but we see that it does when we consider
K[M].

The idea of studying a singularity by removing it and looking at the
remaining space, dates a while back in time and it proves to be a powerful
one; for example, this is what we do when we study singular points on
curves and we approximate them with tangent lines; or we could cite
the famous result by Mumford in [Mum61], where he proves that a point
P in a normal complex projective surface V' is smooth if and only if
m1(V ~{P}) = 0. Also, it happens often that affine varieties have trivial
invariants, while by removing a point we get many of them, that give us
informations on the geometric and algebraic structures of the variety we
started with. Moreover, if R is a N-graded ring, its punctured spectrum
Spec® R and its projectivization Proj R have much in common, and we
can give a map from the first to the second, that we can’t from the
complex spectrum itself, and most of binoid algebras here considered are
of this type.

Since O* is not a quasi-coherent sheaf, the well known vanishing theorems
of these sheaves do not apply. However, in some cases there are some
vanishing results for the positive cohomology of this sheaf, that depend
on the algebraic property of the underlying ring that we are considering.
In more details, it is know that the Picard group of a normal affine toric
variety and the cohomology of the sheaf of units in higher degrees are

trivial, so we can produce an acyclic covering of the punctured spectrum
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of a normal toric ring, that allows us to compute cohomology of O*
via Cech cohomology. We will prove that the same can be done for
Stanley-Reisner rings and, moreover, we will be able to write the groups
of cohomology of O* purely in terms of some simplicial cohomology of

the underlying simplicial complex.

Main results

In this thesis we introduce some combinatorial tools referring to com-
mutative and finitely generated binoids, in order to use them to produce
some results related to their algebras.

We begin by introducing schemes of binoids, invertible Os-sets and co-
homology of sheaves of abelian groups defined on schemes of binoids. An
interesting result in this setting is Theorem 1.67, that shows that the
cohomology of a sheaf of abelian groups on an affine scheme of binoids
vanishes in degree at least one, thus proving that any affine open covering
of a scheme of binoids is acyclic for any sheaf of abelian groups. We use
this result to define the so-called punctured combinatorial Cech-Picard
complex in Definition 1.78, whose first cohomology computes Pic°¢(M),
the local Picard group of a binoid. We then talk about the divisor class
group of a (sufficiently nice) binoid and in Proposition 1.113 we show
isomorphisms between Weil divisor class groups and the class group of
suitably defined Cartier divisors defined on the set of points of height at
most one. We then extend this result in Proposition 1.128, showing that
Pic(V) =2 C(V) for a subset V' of Spec M that is regular enough.

We look then at a particular type of binoids that arise from simplicial
complexes, namely simplicial binoids, whose spectrum presents very nice
combinatorial properties. In Proposition 2.12 we show that the inter-
section pattern of the open subsets D(x;) is given by the faces of the
simplicial complex, thus leading us to prove, in Theorem 2.18 that the
cohomology of a constant sheaf can be computed entirely in terms of
simplicial cohomology. In Theorem 2.3 we show that the localization of
a simplicial binoid at a face is isomorphic to the smash product of the
simplicial binoid of the link of that face and a free group on that face.
This opens the door to Theorem 2.39, where we show that we can re-

write the sheaf Oy as a direct sum of smaller sheaves, indexed by the
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vertices. These sheaves are actually defined as extensions by zeros of the
constant sheaf Z on D(z;), that is proved to be homeomorphic to the
spectrum of the link of the corresponding vertex. This brings us to the
main theorem of the chapter, Theorem 2.53, where we prove that we can
compute sheaf cohomology (and thus the local Picard group) by meaning

of reduced simplicial cohomology, via the formula

R (Spec® My, O3y, ) = P (Ika (i), Z).
eV

We then move to the computations of Pic(V') for different open subsets
V of Spec® Ma, where we are able to rewrite the groups involved in the
Cech complex in terms of crosscut complexes of faces in the simplicial
complex.

We then try to use the tools developed so far in order to understand
binoid algebras and cohomology of their sheaf of units. In order to do so,
we introduce a new topology in Definition 3.20, namely the combinatorial
topology on Spec K[M], that presents some interesting properties. For
example, in Proposition 3.34 we show that if M is a reduced, torsion-free
and cancellative binoid in this topology we can decompose the sheaf of

units of its algebra in a direct sum
(O%[M])comb ~ (K*)comb D (i*(/)}kw)comb7

where K* is the constant sheaf, as usual. Since the functor between
binoids and their algebra induces a continuous map between Spec M and
Spec K[M] (with the Zariski topology) we are able to look at pushforward
of sheaves along this map. Indeed, in Theorem 3.44 we are able to prove
that this pushforward is exact, thanks to the combinatorial topology.
This leads us to prove in Proposition 3.46 that the Zariski cohomology of
any pushforwarded sheaves vanishes on the affine spectrum Spec K[M].
We talk about the non-reduced case and in Theorem 3.71 we show that
cohomology in higher degree of the sheaf of unipotent units vanishes for
affine noetherian schemes, i.e. H'(Spec R, 1+ N') = 0 for all i > 1.

We then move to the case of the Stanley-Reisner rings, for which we are
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able to prove a vanishing result for the affine case, in Theorem 4.21,
HY (K[A], 0%) = 0,

for all 7 > 1. We then prove in Theorem 4.28 that for a Stanley-Reisner
ring the sheaf of units splits in a constant part and in the pushforward

of the combinatorial units in the combinatorial topology

This leads us to prove Theorem 4.37, that states that we can compute
the Zariski cohomology of the sheaf of units entirely in terms of simplicial

cohomology, both usual and reduced as

HY (Spec® (K[A]), Ok)) = HI (A, K) @ @ B (Ika (v), 2),
veV
for j > 0. This ultimately leads to a generalization to any monomial ideal,
and we prove in Theorem 4.40 that we can compute the cohomology of the
sheaf of units on the punctured spectrum of K[M], X, with the Zariski
topology, as simplicial cohomology, reduced simplicial cohomology and

Cech cohomology on a nice covering,

(X, 0%) = (A, K @ @ B! (Ika(v), Z) 9B ({D(X;)}, 1+ N)
veV

for any j > 0, thus yielding us some purely combinatorial non-vanishing
results for Pic'°° K[M] in Corollary 4.46.
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Outline of the work

We describe here and summarize what is in every chapter and, right after
its outline, we report some of the main results that it contains, as an easy

reference for the reader.

The first chapter of the thesis is devoted to introduce the notion
of scheme of binoids, in a fashion similar to the classical description
for rings. We introduce prime ideals, affine schemes, Zariski topology
and structure sheaves. Then we talk about more general binoid schemes,
namely schemes of finite type, and we introduce sheaves of abelian groups
on them. We exploit the combinatorics of schemes of binoids in order
to prove some vanishing results of the cohomology of these sheaves, that
lead us to prove that any affine covering of a scheme of binoids can
be used to compute sheaf cohomology through Cech cohomology on it.
Since a binoid has only one maximal ideal, we introduce the notion of
punctured spectrum of the binoid and we discuss its punctured Cech-
Picard complex, i.e. the Cech complex of the sheaf of units 0%, with
respect to the covering {D(z;)} of Spec®* M. We conclude the chapter
with a discussion about Cartier divisors, Weil divisors, and some results of
isomorphism, leading us to a definition of divisor class group of a general

binoid as the Picard group of a specific open subset of its spectrum.

Results. In Proposition 1.35 we prove that the stalk of Oy, at a prime
ideal p can be computed directly as the image of the sheaf on the open

subset defined by the variables outside p,
Omp =My = On(D(Tpt1 + -+ + @),

where xp11,..., 2, & P.
In Theorem 1.67 we then prove for binoids a result already known for

monoids, namely that
H’ (Spec M,.Z) =0

for any binoid M, any sheaf of abelian groups .# and any j > 1.

In Proposition 1.122 we prove that for any two open subsets of Spec M
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that contain the same prime ideals of height one, there is an injection
Pic(U) —— Pic(U’).

In Proposition 1.123 we prove that if M is normal of dimension at least

2 and regular in codimension 1 then
Piclo¢(M AN*) = 0.

In Proposition 1.128 we extend this result and show that Picard group
and divisor class group might agree on larger open subsets, i.e. if M, is

regular for all p € V' open subset of Spec M then
Pic(V) = CI(V)

and we get, as Corollary 1.130, that if M is an isolated singularity of
dimension at least 2, then C1(M) = Pic'°¢(M).

The second chapter of the thesis introduces the notion of simpli-
cial binoid, whose algebra is the Stanley-Reisner algebra of a simplicial
complex. We talk thoroughly about the deep combinatorics involved in
the spectra of simplicial binoids, relating prime ideals and faces of the
simplicial complex. We can also describe the sheaf of units in term of the
combinatorics of the simplicial complex, and we will present a decompos-
ition of the sheaf O}, into smaller sheaves O} indexed by the vertices
in the simplicial complex. We then show how this smaller sheaves can be
seen as the extension by zeros of the constant sheaf Z along the embed-
ding D(v) < Spec® M, and how the open set D(v) is homeomorphic
to Spec My, (»), the spectrum of the link of v in the simplicial complex
A. Then we sum up the results and state an explicit formula for the
computations of the cohomology of O} in terms of reduced simplicial co-
homology of 1ka (v) with coefficients in Z. Lastly, we carry on explicit
computations on many examples, and we conclude with the description
of the Picard group for some special subsets of Spec M, including the
one to compute the divisor class group defined at the end of the first

chapter.
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Results. In Corollary 2.15 we prove that the nerve of the covering
{D(z;)} of Spec® M is the simplicial complex itself. This leads us to
Theorem 2.18, where we prove, through a direct study of the involved
chain complexes, that the Cech cohomology of the constant sheaf Z on

the covering {D(z;)} of Spec® M is simplicial cohomology
H'(A,Z) = B ({D(x)},2)

and then in Corollary 2.20 we notice that the latter actually computes
sheaf cohomology, so we are successfully computing sheaf cohomology as

simplicial cohomology
H'(Spec® Ma,Z) = H(A, Z).

In the next Corollary 2.21 we extend this to any open subset, obtaining
that, for a specific cover ¥ of U C Spec M open subset, we can compute

sheaf cohomology as simplicial cohomology
HY(U,Z) = H(¥,Z) = H'(nerve(¥),Z).

In Theorem 2.33 we relate the localization of a simplicial binoid Ma at
a face I’ with the link of that face in A\, thus proving that

(Mp)ap = My, (r) A (Z5)>,

In Theorem 2.39 we prove that, for any semifree binoids (like simplicial
binoids), we can split the sheaf of units into smaller sheaves, indexed by

the elements of the semibasis
n
P o; — 0y
i=1

By putting this things together we are able, several pages later, to prove
the main result of this chapter, Theorem 2.53, namely that the cohomo-

logy of the sheaf of units of a binoid can be computed entirely in terms
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of (reduced) simplicial cohomology

HY (Spec' MA,(’)}‘{M) = @ﬁjl (ka(7),Z),

for 5 > 0.

The third chapter of the thesis contains results about interactions
and interplays between the combinatorial side of binoids and the algeb-
raic side of their rings. We present a functor between M-sets and K[M]-
modules, that give rise to an injection between the spectra. This allows
us to describe a new topology on Spec K[M], that we call combinator-
ial topology, that is coarser than the Zariski topology. Thanks to the
injection of Spec M into Spec K[M] we can talk about pushforward of
sheaves, and when the second space is equipped with the combinatorial
topology we have that the sheaf (’)H*([ M splits into a part which depends
on the field and a combinatorial part that is independent from it. Since
we are interested in (’)H*([ M and its cohomology with respect to the Zariski
topology, we relate the cohomology of this sheaf in the Zariski and in the
combinatorial topology and we show that in some cases (namely, when
the combinatorial open subsets define and acyclic covering) the second
is fine enough to compute sheaf cohomology in the Zariski topology via
Cech cohomology on a combinatorial covering. We cover here the cases
of the affine space and the affine normal toric varieties, and we provide a
counterexample of a non normal toric variety in which the combinator-
ial topology is not enough. We conclude the chapter with some explicit
results about the sheaf O]I*([M} in the non reduced case, and we write
down some vanishing condition on the reduction that allow us to use
the combinatorial topology for the computations also in the non reduced

case.

Results. In this Chapter the main result is the introduction of the
combinatorial topology, followed by the proof in Proposition 3.34 that

for a reduced, torsion-free and cancellative binoid M with binoid algebra
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K[M] there is a splitting of sheaves in the combinatorial topology
(O]I*([M])Comb ~ (K*)comb @ (Z-*O}t;/[)comb'

The next important result is Proposition 3.35, that states that if U =
D(2l) is a combinatorial open subset of Spec K[M] with an acyclic cov-
ering of combinatorial open subsets, then

H

Zar

U, 7) =4 (U,7),

for all 5 > 0.
There is a continuous injection i of Spec M in Spec K[M] and in The-
orem 3.44 we prove that the pushforward of a sheaf along this embedding

is exact. This allows us to prove in Proposition 3.46 that
H’ (SpecK[M],i,.#) =0

for all j > 1 and all sheaves of abelian groups .# on Spec M.
The last part of the Chapter is devoted to the non-reduced case, where
we are able to prove in Theorem 3.71 that cohomology of the sheaf of

unipotent units vanishes in higher degrees
H(X,1+N) =0,

for all 7+ > 1.

The fourth chapter, last of this work, deals mainly with explicit res-
ults about Stanley-Reisner rings. We study the spectra of these rings,
explicitly relating them with combinatorial properties of the simplicial
complexes. We follow the steps of the second chapter, on simplicial bin-
oids, in order to write down the punctured Cech-Picard complex of a
Stanley-Reisner ring. We prove that cohomology of positive degree of
the sheaf of units vanishes for an affine spectrum of the Stanley-Reisner
rings, then we show that it vanishes on affine open subsets D(Xj, - - Xj, )
and this proves that { D(X;)} is an acyclic covering of Spec® K[M] for this
sheaf, like it was for the simplicial binoid. We are able to split the sheaf
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of units on the combinatorial topology as a direct sum of smaller sheaves,
and to prove that computing cohomology in the combinatorial topology
is the same as computing it in the Zariski topology. This allows us to
give again explicit formulas for the computation of the cohomology of
Oﬂ*q > that relates sheaf cohomology of (’)ffq M, With (reduced) simpli-
cial cohomology. Since we are dealing with K-algebras, this time also
the field will play a role, but again we are able to tame it and reduce
it to simplicial cohomology. The last part of the Chapter is devoted to
some results about the non reduced monomial case, and we give some
examples that show how harder it can become, but still our methods will
provide us some tools to determine when this cohomology is non zero,

allowing us to prove some non vanishing results.

Results. In Proposition 4.13 and Corollary 4.14 we prove that the cov-
ering {D(X;)} of the punctured spectrum of the Stanley-Reisner ring has
the same intersection pattern as the covering {D(z;)} of the punctured
spectrum of the simplicial binoid, thus proving that the nerve of the
covering {D(X;)} of Spec® K[A] is again the simplicial complex itself.
In Theorems 4.21 and 4.23, we prove that

W (K[A], 0%) = B (K[A][yi -,y 1. OF) = 0,

for all j > 1, thus yielding the very special case Pic(K[M]) = 0.

In Lemma 4.25 we prove that, for a face F' in A,
K[A]x, = K[A[27]

where A" = lka (F).
This leads us to Theorem 4.28, where we prove that in the combinatorial

topology the sheaf of units of a Stanley-Reisner ring splits as

In Theorem 4.37 we give again a description of the cohomology of Oy, in
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the Zariski topology entirely in terms of (reduced) simplicial cohomology

H (Spec® (K[A]), O ) = B (A, K*) © @@ H ! (Ika (v), Z),
veV

for any j > 0.

In the last Section of this Chapter we deal with some results in the
monomial non-reduced case, where we are able to split again the co-
homology of the sheaf of units in a part that is purely combinatorial.
Although we cannot describe combinatorially the unipotent units, we are
able to address the problem of computing their via Cech cohomology on
a particular covering. The last Corollary 4.46 gives some non-vanishing
results that are again entirely combinatoric for the cohomology of the

sheaf of units in this situation.
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Notations and general assumptions

In what follows, we try to stick to the following notations.

e When we write small caps «’s, we usually denote variables in the
binoid, while big caps X’s are reserved for variables in the binoid

algebras.

e The same goes with prime ideals, small Fraktur letters (like p) are
for prime ideals in the binoids, while big cap Fraktur letters (like
PB) are for (prime) ideals in the ring; if there is no confusion, we

might just use I for ideals.

e We tend to oppose “combinatorial” and “algebraic”; with the first
we refer to properties of the binoids or of the underlying combinat-
orial objects (simplicial complexes, polytopes, monoids, etc.), while

with the second we refer to properties of rings and algebras.

e When we refer to a scheme X, either combinatorial or algebraic,
we are referring to a subscheme of some affine scheme (of finite
type), e.g. X = Spec R\Y, for some Y subscheme, with the usual

restriction of sheaves.

e The previous assumption will save us to repeat always the hypo-
thesis that we would assume anyway, because we are always con-

sidering separated schemes of finite type.

e Unless otherwise specified, moreover, we are always considering fi-
nitely generated, commutative binoids and finitely generated algeb-

ras.

e The binoids that we are considering, unless otherwise specified, are
also always torsion-free and cancellative. We do not assume that
they are integral, reduced or normal. Indeed, most of the binoids

considered do not satisfy any of these hypothesis
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Chapter 1

Schemes of binoids

In our attempt to study some classical objects in Algebraic Geometry in the context
of binoids, we will need to define combinatorial counterparts to these objects. As
classically done for rings, we start by defining the spectrum of a binoid, then we define
the Zariski topology, what a sheaf of binoids is and then we investigate other sheaves.
We will also prove some vanishing Theorems for the cohomology of sheaves of abelian
groups.

Unless otherwise stated, we always assume that our binoids are finitely generated.
This condition is not necessary in many points, but these are the objects that we are

interested in, because they yield finitely generated binoid algebras.

1.1 Definitions

Our basic objects will be schemes of binoids. We start from a binoid and we try to
develop a kind of algebraic geometry revolving around binoids instead of rings.
1.1.1 SpecM

The first object that we want to define is the spectrum of a binoid. For an extended

treatment we refer the reader to [Bot15, Chapter 4].

Definition 1.1. An ideal p C M is prime if M \ p is a monoid. Equivalently, if for
any a,b € M such that a + b € p we have that a € p or b € p.

Definition 1.2. Let M be a binoid. The set of prime ideals of M is the spectrum of
M, denoted by Spec M.
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The spectrum of M is naturally a poset ordered by inclusion, as the next Proposition

shows.

Definition 1.3. M, is the maximal ideal of M, M, = M ~ M?*, where M* is the
group of units of M. This is a prime ideal, because if a and b are both units with

respective inverses ¢ and d, then a + b has inverse ¢ + d.

Proposition 1.4 ([Botl5, Proposition 2.2.3]). The union of a set of prime ideals is

again prime, so Spec M is a join-semilattice with largest element M, .

Remark 1.5. It is elementary to prove that every prime ideal is generated by a subset
of the generators of the binoid. This fact allows us to write the next criterion for prime

ideals of semifree binoids.

Definition 1.6. Let M be a nonzero commutative binoid. We say that M is semifree
with semibasis (a;);cr if M is generated by {a; | ¢ € I} and every element f € M can
be written uniquely as f = ) ;c;na; with n; = 0 for almost all ¢ € I. The set of a;
such that n; # 0 is called the support of f, supp(f) = {a; | n; # 0}.

Proposition 1.7. Let M = (G | R) be a positive semifree binoid. A subset of the
generators G C G generates a prime ideal if and only if for every relation rp, =rr € R,
GNsupprr # @ if and only if GNsupprr # <.

Remark 1.8. This criterion gives rise to a naive algorithm to compute the spectrum
of a positive semifree binoid. Namely, we check the criterion for all the subsets of G,
starting from the singletons. If we find that p and q are two different prime ideals, we

can avoid checking the criterion for p U q, thanks to Proposition 1.4.
An application of this criterion will be presented in Example 1.10 below.

Example 1.9 (The affine space). We begin our series of Examples with a very fun-
damental one, namely the combinatorial equivalent of the n-dimensional affine space.
The binoid we consider is (N")* = (z1,29,...,2, | ). Since there are no relations
involved, we can easily see that any subset of {x1,...,z,} generates a prime ideal. In
particular then the spectrum of this binoid is isomorphic to the power set of [n]. When

n = 3 we can easily draw it as a C-poset like
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(w1, 22, 23)
P

o <961a x2)  (z1,w3)  (22,23)
Spec (N3) ‘ ‘

>< ><
\ /
<
Example 1.10. We study the spectrum of the binoid M = (z,y,z,w | x +y = z+w).
By meaning of the Algorithm in Remark 1.8 we can easily build the spectrum of this
binoid and represent it as a C-poset.
Let us start from a subset of the generators, for example the singleton {z}. There
exists a relation such that x is in the left hand side, but not in the right hand side. So
{z} does not generate a prime ideal. Let us consider {z, z}. The unique relation in this
binoid has elements from this set on both sides of the equal sign, so this set defines a
prime ideal.
With a single relation it is easy to see the prime ideals, because is suffices to select all

the possible combinations of at least one element from each side.

In this case, the spectrum of M is

<x’ y7 Z7 w)
/N T

(x,y,2) _ (@,y,w) _ (z,z,w) (y,2,w)

SpecM = | ><\< |

(z,2) (z, w) (y,2) (y, w)

\\( >//

<

Example 1.11. We study now the spectrum of a reduced non-integral binoid, the
simplicial binoid Ma = (x1,22,23 | 1 + o2 + x3 = 00) that we will study in more
details in Chapter 2.
This spectrum is very similar to the one of Example 1.9 except for the point {oco},
because this binoid is not integral.

(71,22, 73)

Spec Ma = (w1, 12) (x1,x3) (w2, x3)

IS

(1) (z2) (z3)



1.1. DEFINITIONS 4

Definition 1.12. Let M be a binoid. An element f € M is called nilpotent if nf = oo
for some n > 1. The set of all nilpotent elements will be denoted by nil(M) and it is
easy to show that this is an ideal. We say that M is reduced if nil(M) = {oco}.

The following result shows us that nilpotents and torsion elements do no play a role

when we consider the spectrum of the binoid

Proposition 1.13 ([Bo6t15, Corollary 2.2.11, Lemma 1.7.11]). For any binoid M,
Spec M = Spec M,eq = Spec M.

It is possible to endow the spectrum of a binoid with the usual Zariski topology.

Definition 1.14. Let A C M. The Zariski closed set defined by A in Spec M is
V(A) :={p € Spec M | A C p}.

The complement of the closure of A is called Zariski open set defined by A in Spec M

and it is denoted, as usual, by
D(A) := Spec M \ V(A).

If A= {f}, we denote these subsets by V(f) and D(f) respectively.

Remark 1.15. It is easy to see that the sets D(A) define a topology on Spec M,

because
® Uier D(Ai) = D (Uies Ai)
e D(f)ND(g) =D(f +9)
o D(0) = Spec M
o D(xx) =@

Remark 1.16. When A = {f} € M then D(f) = {p € SpecM | f ¢ p} and
{D(f)| f € M} is a basis for this topology.

Definition 1.17. This topology is called the Zarisk topology on the spectrum of M.

The open subsets

{D(f)}rem

are called fundamental open subsets.
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Remark 1.18. D(f) = @ if and only if f € nil(M), and D(f) = Spec M if and only
if feM*.
Proposition 1.19 ([Bot15, Remark 4.1.6]). S C Spec M is closed (respectively open)

if and only if it is superset closed (respectively subset closed).

Example 1.20. Let M = (x,y,z,w | * +y = z + w). From Example 1.10 we know

that its spectrum is

(x,y,z,w)
A N

(,9,2) _ (@,y,w) _ (z,2,w)  (y,2,w0)

Let f = x + w, then D(f) = D(z) N D(w), that is the subset of prime ideals that

contain neither x nor w, as illustrated in the following picture

(x,y,z,w)

Its complement is V(z + w) = V(x) U V(w), i.e. the set of prime ideals that contain
either one or the other, since x +w € p if and only if x € p or w € p, because p is

prime.

_________

——_———————
\
/

From these pictures, we can easily see that open subsets are subset-closed and closed

subsets are superset-closed. N
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Proposition 1.21. Let M be a binoid. For any prime ideal p € Spec M there exists a

unique minimal open set that contains it.!

Proof. Let x1,...,2k, k11, - - ., Ty be the generators of M. Without loss of generality,
we can assume that p = (z1,...,x) and that p does not contain any other generator
of M. Let

V =D(xps1+ - +an) ={q € Spec M | {z)41,...,20} € q}.

Clearly p € V. Moreover, V is subset closed, because it is open, and p is the unique
maximal element of V. In order to prove this last statement, assume that there exists
another maximal element in V', q # p. Then there exists a x; € q \ p and j has to be
bigger than k, so q ¢ V. Since p is the unique maximal element of V', the latter is the
unique minimal open subset that contains p. In order to see this, let U be any open

subset that contains p. Then U is again subset closed, so V C U. 0

Remark 1.22. The open subset V' in the Proposition above is homeomorphic to
Spec M.

Remark 1.23. There is no closed proper subset of Spec M that contains {oco}. Con-

versely, there is no open proper subset that contains M .

1.1.2 Binoid schemes

Now that we have understood the basic Zariski topology for the spectrum of a binoid,
we are going to introduce the concepts of scheme of binoids, structural sheaf, affine

scheme and other objects of algebraic geometry in this combinatorial setting.

Definition 1.24. Let X be a topological space. A presheaf of binoids on X is a

controvariant functor from the topology of X to the category of binoids
Z : Topy — Bin
Ur—— F(U)

A sheaf of binoids on X is a presheaf of binoids on X that respects locality and gluing

axioms.2

Definition 1.25. A binoided space is a pair (X, Ox) where X is a topological space

and Oy is a sheaf of binoids on X, called structure sheaf of the space.

Remember that we assumed at the beginning of the Chapter that M is finitely generated.
See for example [Har77, Chapter I1.1] or [Per08, Definition II1.1.3]. Locality and glueing axioms are
together also called Serre conditions, for example in [PS10, Definition 4.A.2].
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Like with rings, we have very special binoided spaces, namely the schemes.

Definition 1.26. Let M be a binoid. The affine binoid scheme defined by M is the
binoided space (Spec M, Ospec ar), Where Ogpec s is the unique sheaf associated to the
presheaf defined on the basis {D(f)} as

OSpecM(D(f)) = F(D(f)7 OSPQCM) = Mf7

called the structure sheaf of Spec M.
Since there is no confusion, for ease of notation we usually denote it by Op; and call it

simply the structure sheaf of the binoid M.
Remark 1.27. Like for rings, we can explicitly describe the presheaf Ogpec 1 as

D(fi.....fr) —— T (UD(f:). Onr)

:{(81,...,ST)EMJ£1X'-‘XMfT

S; = S in Mfi+fj}7
so the image is a subbinoid of My, x --- x My, .

Definition 1.28. The binoided space (X, Ox) is a binoid scheme or scheme of binoids

if there exist an open cover {U,; };er of X and a collection of binoids {M; };cs such that

UZ' = Spec M,; and OX fUig OM

K3

Proposition 1.29. For any binoid M, evaluating the structure sheaf of M on the
empty set yields the trivial binoid, Oy (D) = 0.

Proof. We have that @ = D(00), so Op (@) = Mx, that is the trivial binoid co. O

Proposition 1.30. Let U be an open subset of Spec M. Then

(Ua Owm fU)

is a scheme of binoids.

Proof. We have to prove that there exists an affine open cover that respects Defini-
tion 1.28. Mimicking [EHO00, Section 1.2.1], it is enough to prove it for U = D(f).
Consider the cover of D(f) given by the D(g)’s such that D(g) C D(f). We have to
prove that

Owm Ip(p) (D(9)) = Om; (D(9))
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Since D(g) C D(f), we have that

Owm Ip(s) (D(9)) = Om(D(f) N D(g)) = Om(D(g)) = My.

At the same time, we have that

Om(D(f) N D(g)) = Om(D(f + 9)) = Myrg = (My), = On,(D(g)),
that proves our statement. ]

A particular scheme that we are interested in, is the punctured spectrum of a binoid

Definition 1.31. Let M be a binoid. Its punctured spectrum is the scheme
(Spec' M, Om rSpec° M)

Remark 1.32. This is a scheme thanks to Proposition 1.30, considering U = Spec® M.

Proposition 1.33. Let M be a binoid. Let {x;};cr be the generators of the mazimal
ideal My . Then Spec® M = U;erD(x;).3

Proof. We begin by proving that M, is not in this union. If it was, then there is at
least a D(z;) such that My belongs to it. This implies that x; ¢ My, a contradiction.
On the other side, let p € Spec® M. Since p C M, there exists xy such that xj ¢ p,
ie. p € D(xy), and p € Ujer D(z;). O

Example 1.34. Let M be a binoid and let M = (x1,...,x,). It is not true in general
that (x1,...,%;,...,x,) belongs to Spec M. Two counterexamples to this are the two
binoids

o M = (z,y | 2z = 3y), where M = (x,y) but (z) and (y) are not in Spec M,

o M = (z,y,z | x +y = 22), where M, = (x,y,z) but (x,y) is not in Spec M. This
last example shows us also that the cover in the statement of the Proposition is not

minimal, since

Spec’ M = {<OO>’ <:C, Z>’ <yv Z>}

can be covered by just two open subsets instead of three, namely

D(z) = {{o0), {y,2)} and  D(y) = {{o0), (x, 2)}. <

3 This result, with the same proof, is true also for binoids that are not finitely generated.
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Proposition 1.35. Let (Spec M, Q) be the affine scheme of binoids defined by M,
let My be generated by x1, ..., Tk, Tit1,-.., Ty and let p = (x1,...,xk) be a prime ideal
such that p does not contain any other generator of My . The stalk of Oy at the point
p s

Omyp =My = Oy (D(wpq1 + -+ 20)).

Proof. This is clear because, thanks to Proposition 1.21, we know that D(xgi1+- - -+xy)

is the unique minimal open subset of X that contains p. ]

Assuming that p is generated by the first k generators does not reduce the generality

of the result, but also for this result we need that the binoid is finitely generated.

Remark 1.36. The previous proposition extends to any scheme of binoids, provided
some finiteness conditions, because (X, Ox) is locally isomorphic to a scheme of binoids,
and the minimal open subset that contains a point p is then the spectrum of the

localization at this point.

Proposition 1.37. An open subset W C Spec M is affine if and only if there exists
f € M such that W = D(f).

Proof. If W is affine, there exists a binoid N such that W = Spec N, in particular
there exists a maximal ideal Ny in W. Again like in Proposition 1.21, without loss
of generality we can assume that Ny = (zy,...,zx) and that it does not contain any
other generator of M. Then clearly D(xj41 + -+ 2,) and W are both subset-closed
in Spec M with the same unique maximal point Ny, so W = D(zg11 + -+ ). O

Remark 1.38. Obviously all affine subsets of Spec M will define open affine subsets
of K — Spec M, but the contrary is not true. For example let M = (z,y | x + y = o0).
Then Spec®* M = {(x), (y)} is not affine as a scheme of binoids, because it does not
have a unique closed point. But K — Spec®* M = K — Spec M ~\ (x,y) is defined by
D(X +Y) C Spec®* K[M]. The point is that the element X + Y is not combinatorial,

since it involves explicitly the operation +.

1.1.3 Closed affine subschemes

We introduce now affine schemes and affine subschemes of the combinatorial affine

space.



1.2. SHEAVES 10

Definition 1.39. The combinatorial affine space of dimension n is the binoid scheme
A = (Spec (N")™, O(gyny= )

Remark 1.40. As we have seen in Example 1.9, its underlying topological space is

isomorphic to the power set of [n], with the topology induced by the inclusions.

Definition 1.41. A closed subscheme of an affine binoid scheme (Spec M, Oyy) is an
affine binoid scheme (Spec N, O ) such that N = M, 7, for some I ideal of M.

Remark 1.42. Spec N can be identified with V(I) in Spec M, because it contains

exactly the prime ideals that contain I.

Unlike what happens with rings, an integral binoid can not always be defined as a
quotient of (N")* by a prime ideal, in which case it does not define a closed subscheme
of the affine space. Vice versa, there can be ideals that define integral binoids, and the

following example shows both behaviours.

Example 1.43. The integral binoid M = (z,y | 2z = 3y) does not define a closed
subset of Spec (NQ)OO. In order to show this, it is enough to notice that Spec M =
{(00), (x,y)} is not superset-closed in Spec (N?)™ = {(c0), (z), (y), (z,y)}.

On the other hand, M’ = (z,y ]2 )/<a:> is an integral binoid, because it is isomorphic
to N®°, but it is defined by an ideal relation. N

There are some positive results relating closeness of Spec N\ {oco} to the combinatorics
of the relations involved in N, but they are in a rather convoluted form and not so

interesting for the scope of this work.

1.2 Sheaves

The arguments covered in this Section can be introduced and studied in more general
terms. We will concentrate on a rather specific situation, that allow us to ignore most
technicalities and provide results that are useful for the main Chapters of this work.
The interested reader will find more general studies in [Pirl5] and [FW14].

Let M be a finitely generated binoid. From now on, we concentrate on schemes of the
type (U,Opr [v), where U is an open subset of the affine scheme Spec M. When U is

a proper subset, we refer to it with the name quasi-affine scheme.
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1.2.1 Sheaves of M-sets

Definition 1.44. An M-set is a punctured set (S,p) together with an action of M,
that satisfies the usual properties. If there is no ambiguity about the special point, we
just call it S.

Remark 1.45. For any f € M, Sy is an My-set.

Definition 1.46. Let (X, Ox) be a binoid scheme. A sheaf of Ox-sets on X, or Ox-
sheaf is a sheaf . on X such that #(U) is a Ox(U)-set for any open subset U of
X.

Definition 1.47. Let S be an M-set. The sheafification of S is the Ogpec ar-sheaf S

associated to the presheaf defined on fundamental open subsets as

Remark 1.48. Like for binoids, that we saw in Remark 1.27, we can explicitly describe

the presheaf S as

D(fi,- s fr) —— T (UD(f:),8) € Spy x -+ x S,

where My x .-+ x My, acts on Sy x --- x Sy and we have again the compatibility
conditions on the intersections.

Similarly, we can look at the stalk §p at a point p € Spec M and it is easy to see that
§p = Sy = S + My, so M, acts naturally on §p.

Remark 1.49. If the M-set is an ideal I, then I is a sheaf of ideals on Spec M.

Proposition 1.50. The sheafification of the maximal ideal of M and Oy are iso-

morphic as sheaves on the punctured spectrum, i.e.
My Tspect = Onr Tspect a1 -

Proof. From M, — M we get an injective morphism of sheaves
My —— Oy

The above morphism is also surjective on Spec® M, because for any f € M, (thus for

4 For more properties of M-sets, refer to [B6t15, Section 1.10].
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any proper fundamental open subset) we have
M (D(f)) = (My); — My = Our(D(/)).

The induced inclusion is locally surjective, because we reach 0 in My, since 0 = f — f €

(M), From this, we get the wanted isomorphism. O

Remark 1.51. It is not true in general that ]\Z = Oy on the whole spectrum, since

their global sections are different.

Definition 1.52. Let (X,Ox) be a binoid scheme and .# a sheaf of Ox-sets on X.
We say that .Z is locally free of rank n if there exist an n € N and a cover {U;};er of
X such that for every i

F 0,2 (Ox 10,)".

If n = 1 we say that the sheaf is invertible.”

Remark 1.53. Locally free sheaves on X are also referred to as vector bundles on X,
and if n = 1 they are called line bundles. We will use both terms indistinctly in this

work.

Definition 1.54. The category of locally free sheaves of rank n on X is denoted by
Loc,(X). The set of their isomorphism classes of rank n on X is denoted by Loc, (X).
The smash product and pointed union of M-sets induce the corresponding operations

on the sheaves

Aoy  Locy, (X) x Loc, (X) —— Loc,,(X)
J: Loc,, (X) x Loc, (X) —— Loc,+n(X)

Definition 1.55. Loc;(X), equipped with the operation Ap, is a group, called the
Picard group of X and it is denoted by Pic(X).

Example 1.56. Let M = (z,y,2z | z +y = 2z). We are going to show a non-trivial

line bundle on U = Spec® M. The space that we are considering is

U= {<OO>7 <$,Z>, <y7 Z>}

its topology does not have many open subsets, namely D(z), D(y), D(z) U D(y) = U
and D(zx) N D(y) = {(c0)}. So, any line bundle (or locally free sheaf of rank 1) is

® Refer to [Bét15, Definition 1.9.2] for the definition of the pointed union of M-sets
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trivialized by the covering {D(x), D(y)}. Let £ be such a line bundle. We know that
L [p@)= My as My-set and L [p(,)= My as My-set.

We know that we have isomorphisms M, = I'(D(x),On) = I'(D(x),£) and M, =
I(D(y),Om) =T(D(y), £).

On D(x), we invert x and the relation defining M, becomes y =2z —z = z + (2 — x).
Similarly on D(y), we have that x = 22 —y = 2+ (2 — y). Let L be (;,\/,z), i.e. the

sheafification of this ideal, considered on U. Then

So L, is exactly M, because it contains an invertible element (namely x) and £, is

isomorphic to M, via the M,-set isomorphism

oy : My ——=T(D(y), L)

0——z

So L = m is a line bundle on U. In order to prove that it is not trivial, we have
to show that (x,z) is not a principal ideal un U, thus it will not be principal in M.5
Assume that there exists f € M such that (z,z) = (f). This means that there exist
g,h € M such that f+¢g=x and f + h = z. Since M is positive and cancellative, the
only possibility is f =0, g = x and h = z and the equality of the ideals does not hold.
So L is non trivial.

What is £ Ao, L7 Since we have a nice global description as the sheafification of an

ideal, we have that

e~~~

LNoy L= (x,2) No, (x,2) = (x,2) Am (, 2).
What is this smash product?
(@, 2) Apar(x, 2) = (@ Apr ey @ App 2, App 2,2 A 2).

From the map I — M and the properties of the smash product, we get a map

IANyl—M
JAMg——f+g

whose image is the ideal (2z,x + 2,22) =& (22,2 + 2,z + y) = (x) + M, = My. This

5 The converse is not true, for example M is principal on U but usually not in M.
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map is not globally injective because, for example, x A z and z A x are mapped to the
same element x + z. But it is injective on the punctured spectrum, because I, = M, on
D(z) and I, = M, on D(y), and it is an easy computation to show injectivity in these

cases. So we proved that these objects are congruent on the punctured spectrum, i.e.

—_—~—

r (U, (x,2) A (x,z)) =T (U,]\ALJF)

Now, since ]\TJr [v= On Tu= Oy, thanks to Proposition 1.50, we get that

LNoy, L=z, 2) A\ (z, 2) = O,

so the order of £ as an element of Pic(U) is 2. In general, there is an inclusion between
ideals of height one modulo principal divisors into the Picard group of a particular open

subset, that we explore in Section 1.3.4. N

1.2.2 Sheaves of abelian groups

Another important type of sheaves that we want to consider is sheaves of abelian groups
on a binoid scheme. We introduce them briefly here, but we do not define cohomology.
Instead, we refer the reader to [Har77, Chapter III] for a compact but extensive treating
of the subject.

Definition 1.57. Let X be a topological space. A presheaf of groups on X is a

contravariant functor from the topology of X to the category of abelian groups

F : Topy —— Ab
Ur—— F(U)

A sheaf of groups on X is a presheaf of groups on X that respects locality and gluing

axioms.

Definition 1.58. The sheafification of a constant presheaf is called a constant sheaf,

and we will often denote it by the same symbol as the group.

Example 1.59. Important examples of constant sheaves are Z, (K, +), (K*,-) for a
field K and the difference group of a binoid M, that we denote by I'°. <

Definition 1.60. Let M be an integral, cancellative binoid. In this case, the subset
M?® is a monoid. The difference binoid of M is I' = (—M*® + M). The difference group
of M is the group I'®.
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Remark 1.61. When constructing I', what we are doing is inverting all the elements
in M®.
Remark 1.62. On Spec® M, if M is integral then the constant presheaf is already a

sheaf. If M is not integral, then the sheafification is not trivial.

Remark 1.63. If M is an integral and cancellative binoid, then the structure sheaf of
Remark 1.27 can be defined as

,
D(f1,....fr) — [ My, CT.
i=1
Example 1.64. Let M = (x,y | x + y = 00). Spec® M can be covered by the two
disjoint open subsets D(z) and D(y). Let G be an abelian group, and consider the

constant presheaf”

G~ : Topy —— Ab

U——G

Clearly I'(D(z) U D(y), G~) = G because it is a constant presheaf. But if we consider
its sheafification G we have that T'(D(x)UD(y),G) =T'(D(z),G)@T'(D(y),G) = GG
because D(x) N D(y) = @. N
Remark 1.65. Let U be a subset of Spec M and let G be a constant sheaf, so the
sheafification of a constant presheaf. Then G(U) = G* where k is the number of
connected components of U. In the previous example, U = Spec® M and k = 2 because
V({z))NU and V ({y))NU are the two components (disjoint closed subsets) from which
U is made.

Clearly if M is integral then every non-empty open subset is again integral, hence

connected, and so the constant presheaf is already a sheaf.

The sheaf we are most interested to study is the sheaf of units of a binoid scheme, that

is non constant.
Definition 1.66. Let (X,Ox) be a binoid scheme. Its sheaf of units is the sheaf of
abelian groups on X
O% : Topy —— Ab
Ur—— (Ox(U))"
Where, given a binoid M, M* denotes the group of its units. If X = Spec M, we denote
0% with O3,.

" We denote G~ the constant presheaf, so that (G~) = G is its sheafification.




1.2. SHEAVES 16

There are some important results on the cohomology of sheaves of abelian groups on
schemes of binoids. The next Theorem follows almost entirely the proof of [Pirl5,
Proposition 2.2.i], where it is proved for schemes of monoids. We will see later in
Proposition 1.72 that not all the properties that hold for monoid schemes hold for
binoid schemes, because even in an affine situation the binoid scheme might not have

a unique minimum element, that is always present in the monoid case.

Theorem 1.67. Let M be a binoid and % be a sheaf of abelian groups on Spec M.
Then

H'(Spec M,.Z) =0

for any i > 1.

Proof. Recall from Remark 1.23 that, since X = Spec M is affine, there is only one
open subset that covers the maximal ideal M, that is X itself. So for any sheaf .# we
have that . (X) = #,, i.e. the evaluation of the global sections functor equals the
stalk at M. Since .# —— %), is an exact functor from the the category of sheaves
to the category of groups, we see that the global sections functor is exact. Since i-th
cohomology is the i-th derived functor of the global sections, that is an exact functor,

we get the claim. O

Theorem 1.68 (Leray’s Theorem, [Har77, Exercise II1.4.11]). Let X be a topological
space, F a sheaf of abelian groups on X, % = {U,}icr an open cover of X. Assume that
for any finite intersection V- = U;; N --- N U;, of sets in the cover we have H(V,.Z v
) =0 for all k > 1. Then for all p > 0 the natural maps

N

P (%, F) — HP(X, F)

from Cech cohomology to sheaf cohomology are isomorphisms.

Definition 1.69. A cover U that respects the hypothesis in the theorem is called

acyclic for # on X.

Corollary 1.70 ([Pirl5, Proposition 2.2.ii]). Let (X, Ox) be a separated binoid scheme,
U an affine cover of X and ¥ a sheaf of abelian groups on X. Then H*(X, F) =
H* (% ,.7).

Proof. The intersection of affine binoid subschemes is again affine, thanks to separ-

ateness, and cohomology vanishes on any intersection, thanks to Theorem 1.67. So
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any affine cover is acyclic, we can apply Leray’s Theorem 1.68 and obtain the wanted

result. O

Remark 1.71. Since, in this work, we are considering open subschemes of an affine
spectrum of a finitely generated binoid, we are always considering separated schemes

of finite type.

Proposition 1.72. [Pirl5, Lemma 2.4] Let M be an integral binoid. For any open
subscheme U of Spec M and any constant sheaf of abelian groups ¥ on U we have that

H(U,%) =0

for alli > 1.

Remark 1.73. The proof of the previous Proposition relies on the fact that a constant
sheaf of abelian groups on an open subset of the spectrum of an integral binoid is
flasque, hence it has trivial cohomology in degree higher than 0. This is not true if
the binoid is not integral, essentially because there is not a unique minimal element in
open subsets of its spectrum. This implies that the cohomology of a constant sheaf of
abelian groups on the spectrum of a non integral binoid is not always zero. Indeed, it

is a meaningful object, and this will be exploited in Corollary 2.21.

The following Proposition motivates all our subsequent studies on the Picard group of

a binoid.

Proposition 1.74 ([Pirl5, Proposition 3.1]). There is a natural bijection
Loc,(X) ~ H (X, GL(n, Ox))

and an isomorphism of groups
Pic(X) = HY(X, O%).

Definition 1.75. Let M be a binoid. Its local Picard group is the Picard group of its
punctured spectrum, Pic'°¢(M) = Pic(Spec® M).

Remark 1.76. If M is torsion-free, cancellative and reduced, the sheaf O}, can be

embedded in a flasque sheaf

O —— b M
p minimal
prime ideal of M
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If M is integral, the sheaf above is just I'.

Example 1.77. Let us consider the binoid M = (z,y,z,w | * +y = z + w) and
compute its local Picard group. Its punctured spectrum can be covered by the four
open subsets {D(x), D(y), D(z), D(w)} and, thanks to the intersection pattern, we have

the following Cech complex

~ v,

e AN W AN AN il

We begin with the localizations at the variables and their unit groups, that form co

M, = (2, —z,y,2,w |y =z +w — 1) M7
My = (2,y,~y, 2,0 [y =2+ w— 1) M} =7
M, = (z,y,2,—zw |y =z +w—x) M7,
My = (z,y,2,w,—w |y = 2+ w — 1) M: 7,

In the intersections, we have either Z3 or Z?, depending on the variables that we are
considering. For example, when we invert both x and y, also z and w get inverted, but
thanks to the relation we can write one in term of the others and we get a Z3. These

are the groups that contribute to %

Myyy = (2, —2,y,~y, 2,0 [0 =2+ w -2 —y) M;eruz?’
m—s—z%(m,—x,y,z,—z,w|y—z:w—g¢) M;+Z%ZQ

qu = (x, —z,y,z,w,—w |y —w =2z — ) M?,, =72
y+z§(1‘ Yy =Y, 2, —2,W | T — 2z =w —y) M;+Z§ZQ
Myt = (z,y, —y, 2,0, —w |2 —w =2 —1) M;+wgz2
M.ty = (2,y,2,—z,w,—w |z +y —z—w=0) M?,, = TP

When we intersect further, we get a Z3 everywhere, because we can rewrite one variable

in term of the others, and these are the groups in C? and the group in %
~ 73 ~ 73
Mgy, =2 Masyrw =2

My, =7 My .1 =7

* ~ 3
Mx+y+z+w =Z
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It is easy to see that

707070 S BoRe 202072673

(Oél, a9, a3, 054) — ((_ala a9, 0)7 (_alv 043)7 (_a17 a4)7 (—Oég, Oég), (—O[Q, ()[4), (_a37 Oy, 0))

has trivial kernel, so H’(0%,) = 0. We are interested in H!, so we start by observing

that we have some equalities of the open subsets

D@+y)=D+y+z)=D+y+w)=DE+y+z+w)
=Dx+z+w)=D(y+z+w)=D(z+w).

The Cech complex now looks like

74 a0 714 ot 712 o2 73 9? 0

and since —4 + 14 — 12 4+ 3 = 1 we know that the rank of H' will be 1. It is not hard
to examine the relations between elements in the kernel of 9! and in the image of 9°

to conclude that this group has to be free, so, in particular,
Picl¢(M) = Z.

In a later Section we will compute the divisor class group of this binoid, and we will see
that these two groups coincide. A generator of this group is represented by the ideal
(x, z), that is invertible because on each affine combinatorial open subset it is generated

by only one element. N

1.2.3 Cech-Picard complex

In this Section we are going to study the Cech complex for the sheaf O% on the covering
of Spec® M given by {D(x;)}.

Definition 1.78. Let (X, Ox) be a binoid scheme. Let % = {Ui;};c|, be a finite affine
covering of X.8 The Cech-Picard complex of X is the Cech co-chain complex of 0%
with respect to %

C(w,0%): U, 0%) 2 ' (w ,03%) 2 . L err,0%) 2

8 It always exists affine and finite because we are assuming that X is quasiaffine.
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where the groups are

CP(U,0%) = &y O% Uiy NU;, NN U,

1<ip<ip <--<ip<n

and the coboundary maps are defined, as usually like in [Har77, Section I11.4],

(-0
0

o, -

o [,
1050 0p

p
) ~ .
10,50yl lp

k

Example 1.79. Let M = (z,y,z | © + y = 2z) as in Example 1.56 above. Let again
X = Spec® M. We know that there exists at least an invertible sheaf in Pic(X), and it
has order 2.

Thanks to the Theorems and Propositions so far in this Chapter, we know that we
can obtain Pic(X) as the first cohomology group of the sheaf O% and, in turn, we can
compute this on any affine open covering of X. Let % be the covering {D(x), D(y)}.
To build the Cech complex of O% on % we need first to evaluate the sheaf on the open
subsets D(z), D(y) and D(x) N D(y) = D(x + y).

O3 (D(@) = (M)
O (D) = (M)’
Ox(D(x) N1 D)) = (M)

In details, M, = (z,—z,y,z | * + (—x) = 0,y = 2z 4+ (—x)) and so M} = (z,—=x |
x4 (—z) = 0) = Z, where this integer represents the coefficient of x. Similarly for y.

On the intersection, when we invert both x and y, also z gets inverted. So we have

+(z—y—2)=0)

MZB+y = (LU, —X,Y, Y,z | .Z'—|—(—$) :0,y+(—y) :()72
> (v,—z, 2,2,y | v+ (—2) = 0,2+ (—2) =0,y = 2z — x)

2

1

(x,—z,z,—z | x4+ (—2)=0,24(—2)=0) =X Z

The maps of the Cech complex come from the localizations M, N My and M, LA
M+, when restricted to the units. In particular, when restricting a unit defined on
D(z), namely f = ma to the intersection of D(z) and D(y), this stays the same. Vice

versa, a unit defined on My, say By goes to 26z — Bz in M,4,, so the complex looks
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like

61

o0
M & M; —"— M, —>——

12 1 1
7Z& 2 —2PZ—0

(a ) 6)}—>(Q_Ba26)

~

To compute the first cohomology, we need to compute the quotient ker(0'! )/un( %)
M;“/lm( g0y, so we need to understand the image of 3°. The image is generated by
(1,2) as a subgroup of Z2, so the quotient is Z/Z @ Z/QZ = Zo.

So we have proved that Pic(X) = Zsy, and we already found a representative of the only

non-trivial class in this group, in Example 1.56. N

Remark 1.80. Since Spec® M can be covered by {D(z;)} and we know that O}, is
acyclic on these affine open subsets, we can compute the local Picard group of M as

the first cohomology group of the Cech-Picard complex on {D(z;)},
Picl°® M = H' ({D(z;)}, O*).

Lemma 1.81. Let M be a binoid. Then M* = M} ;.

Proof. Let ¢req : M — M,eq be the reduction morphism. We will prove that it is an
isomorphism when restricted to the group of units. We have that ker(¢req) = nil(M),
¢red 18 a bijection outside this ideal and nil(M) N M* = @. So we only have to prove
that preq(M*) C M4, but this is true for any binoid homomorphism. O

This Lemma proves that, unlike for rings, the nilpotent elements do not enter at all
when computing the units of a binoid. We will use this fact in later discussions in
Chapter 3.

Example 1.82. The above is not true for M. Let n € N, n > 2 and let M = (x|
nx = 0). Then M* = Z,,, but M = {0, 00}, so M; = 0. <

Proposition 1.83. Let (X,Ox) be a binoid scheme. Then O% = O%

red
Proof. This follows from the previous Lemma 1.81. O
Remark 1.84. Since Oy = Ok , also their cohomologies will be the same. So we

can concentrate on studying it in the reduced case, in order to study line bundles and

higher cohomology of the sheaf of units.
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Example 1.85. Let M = (z,y,z,w | x + y = 2z, 3w = o0). Its punctured spectrum is

X = {<w>7 <x7 Z7w>7 <y7 z, w>}

and its reduction is Myeq = (2,9, 2,w | z+y = 2z,w = 0) = (z,y,2 | x +y = 22),
whose local Picard group we already studied in Example 1.79. Since D(w) = &, we
can easily see that the groups involved in the computation of Cech cohomology of

O% = O, are exactly the same for X and its reduction. N

1.3 The divisor class group

In this Section we will first review some results that can be found in [FW14], while
rewriting them in our language, and then generalise the concept of Divisor Class Group

to arbitrary quasiaffine binoid schemes.

Definition 1.86. Let p be a prime ideal of a binoid M. The height of p, denoted
ht(p), is the maximum n € N such that there exists a strictly increasing chain of prime
ideals po € p1 € -+ € pp = p. The set of points of height k£ in Spec M is denoted by
Spec M (k).

Remark 1.87. In the previous definition, py = (oo) if and only if the binoid is integral.

Definition 1.88. A binoid M is called regular if M = G A (N*)* for some abelian
group G and s € N.

Definition 1.89. An integral binoid M is called regular in codimension s if, for any

p € Spec M of height at most s, the localization M, is a regular binoid.

Remark 1.90. If M is torsion free and regular in codimension 1, then M, = (Z")>° AN>
for some r € N and all the p’s, prime ideals of height 1.

Remark 1.91. For a binoid, normal, torsion free and cancellative implies regular in

codimension 1.

Example 1.92. Let us again consider M = (z,y,z | * + y = 2z). Its prime ideals of
height one are just p1 = (x, 2) and p2 = (y, 2). Let us study the regularity of M,,. By
definition My, = —(M ~\ p1) + M but, from the evaluation of Oy, we have also that
M,, = Om(D(y)) = My, thanks to Proposition 1.35. My = (z,y, —y,2 |z =2z —y) =

7°° AN N*°. The same holds for ps, so M is regular in codimension 1. N

Proposition 1.93. Let M be an integral, cancellative and torsion-free binoid. Then its

difference binoid is I' = M) = (Z")>° for some r and the map M — T' is injective.
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1.3.1 Pic(V)

Assume that M is an integral, cancellative, torsion-free, positive and regular in codi-
mension 1 binoid of dimension at least 1 and X = Spec® M. We study the set of line

bundles defined on the open subset of the prime ideals of height at most 1.

Definition 1.94. Let U be an open subset of Spec M. Then Pic(U) is the group of
invertible Ops-sheaves defined on U. A sheaf in Pic(U) is called U-invertible.

Remark 1.95. Recall from Proposition 1.74 that Pic(U) = HY(U, 0%, Iv).

Proposition 1.96. Let W be the subset of Spec M that consists of the prime ideals of
height at most 1. Then W is an open subset.

Proof. W is an open subset because it is the union of the minimal open subsets that

contain these prime ideals defined in Proposition 1.21. O

Proposition 1.97. Every L € Pic(W) defines an M-set. Vice versa, every M-set S
such that Sy, = M, for every p of height 1 defines a line bundle on W.

Proof. Let L be aline bundle defined on W. Then its sections I'(W, £) can be considered
as an M-set. On the other side, Let S be an M-set with this property. Then M, =
Sp = S(U) where U is the unique minimal subset of Spec M than contains p and S is
the sheafification of S. O

Remark 1.98. The M-set defined by L is possibly not locally free as a Ops-set on the
whole X.

1.3.2 Cartier Divisors

We introduce the notion of Cartier Divisor of a scheme of binoids and we prove an
isomorphism with its Picard group. Assume that M is an integral, cancellative binoid
and X = Spec® M.

Recall from Proposition 1.93 that there is an injection M < I'. Moreover, I'* = I'\ {oco}

defines a constant sheaf on Spec M, that contains the sheaf of units O}, as a subsheaf.

Definition 1.99. Let U be an open subset of Spec M. A Cartier Divisor on U is a
global section of the sheaf of groups I‘./]W*. The group of this global sections is denoted
by CaDiv(U).

Definition 1.100. A Principal Cartier Divisor is a divisor that can be globally repres-
ented on U by a g € I'*. They form a subgroup with the usual sum operation, denoted
by CaPrin(U).
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Definition 1.101. The Cartier divisors Class Group of U is

CaCl(U) = APV i)

The next Proposition follows the same proof as in [FW14, Proposition 6.1], adapted to

our setting.

Proposition 1.102. For any open subset U of X there is an isomorphism CaCl(U) —
Pic(U).

Proof. Consider the short exact sequence of abelian groups

Since M is integral and I'* is a constant sheaf on U, from Proposition 1.72 we get that
HY(U,T*) = 0. From Proposition 1.74 we know that H' (U, O%,) = Pic(U), so when we

take cohomology we get the exact sequence

0—— O3, (U) —— T*(U) — CaDiv(U) —2— Pic(U) —— 0.
N\
1"*
Since the image of div is exactly the subgroup of principal Cartier divisors defined in
Definition 1.100, we get the statement. O

Remark 1.103. On each affine open subset D(f) a Cartier divisor on D(f) is given
by a vy € I'* up to a unit in M7, since HY(D(f),0*) = 0 and the shorth exact
sequence above. So on U = |JD(f) we have the usual representation where a Cartier
divisor {D(f), s} is given by a collection of open sets D(f) and sections v; € I'*, with
Vf— g € M}kJrg'

The sequence that we use in the Proposition is parallel to the sequence that occurs in

algebraic geometry

*

what we will use later in Lemma 3.57.

There is an explicit description of ¢ in the Proof of the Proposition above. Given
a Cartier divisor D = {(D(f),v)}, we define a U-invertible subsheaf £(D) of the
constant sheaf I'* by letting its restriction to D(f) to be generated by —v¢. This con-

struction is well defined, and it is an isomorphism from CaDiv(U) to the U-invertible
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subsheaves of I'*. The map ¢ in the Proposition above sends exactly D to the corres-
ponding isomorphism class of £(D). In particular, if W is an open subset of U and U
is covered by U;, we have that W N U; # @ because the binoid is integral, and we can
describe the evaluation of £(D) as

D(W,L(D))={g €T |qe (3)on UinW} =+ M
In particular then

(U, L(D)) = ﬂ’y + My, CT.

The operation is then the one induced by the embedding in T, i.e. if (U;, ;) and (U/,~})
are two Cartier divisors, that correspond to invertible sheaves £ and M respectively,
then (U, ;) + (U/,~}) corresponds to £ + M where, for any open subset V C U,

(L+M)V)={s+t|se L(V),te M(V)}.

Remark 1.104. Every Cartier divisor can be realized as an ideal in the following
way. Let (Uj,~;) be a Cartier divisor. We can assume that U; = D(f;), as above, so
vi = gi — h; for some g; € M and h; € T. Let f =Y, h;. Clearly (U;,vi) ~ (Ui, vi + f)
because v; — (v + f) = —f € ' and 7; + f € M. The ideal that realizes it is then
generated by the collection of the (v; + f)’s, ({v: + f}) C M.

An example of this behaviour can be seen in the case M = (x,y,z | * + y = nz), that

will be fully explored in Example 1.115.

1.3.3 Welil divisors

We introduce now Weil divisors of M and their class group, and we will later see that
this group is isomorphic to Pic(W) and to the class group of Cartier divisors on W.
Assume again that M is an integral, cancellative, torsion-free, positive and regular in

codimension 1 binoid of dimension at least 1 and X = Spec® M. ?

Definition 1.105. Let M be a binoid that satisfies all the hypothesis above. The
group of Weil divisors of M is the free abelian group on X 1)

Div(M)= &5 Zp.
peX®

9 A binoid that satisfies these assumptions is locally factorial in the sense of [FW14].
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Since M is regular in codimension 1, for any prime ideal p of height 1 there is a natural
injection My = Z''AN — Z'"' AZ = T*. Compose it now with the projection on
the last factor (Z") AZ —» Z and call this vp.

Definition 1.106. Let ¢ € I'*. We call vy(q) the valuation of q at p.

Remark 1.107. This is a indeed like a valuation in the ring case, and the following

Proposition shows it.

Proposition 1.108. 1. vy is a morphism of monoids.
2. vp(q) € N if and only if g € M.
3. vp(q) =0 if and only if q is a unit in M,.

Proof. 1. This is true because vy(q1 + ¢2) = vp(q1) + vp(q2).

2. This follows directly from the definition.

3. If ¢ is a unit in M, then 0 = v,(0) = vy(q) + vp(—¢) and this last values are both in
N, so they are both 0. On the other side, if vy(¢) = 0 then we can see it in My = Z"®N

as (ai,...,ar,0), that has inverse (—ay,...,—a,,0). O
Remark 1.109. Since M is normal, it is known that

M = ﬂpeX(l)Mp-
Since M is toric (see [FW14] and [CHWW15, Construction 4.2]), then these prime
ideals of height 1 correspond also to the facets of the cone defined by M.

Proposition 1.110. Let X = {py,...,p;} be the set of all prime ideals of height 1

in a toric normal positive binoid M. There is an injective morphism
r* —2 Div(M)
q— (Um (Q)v te 77}Pl(q))

Proof. Let q € I'* such that ¢(q) = 0. Then ¢ is a unit in any stalk M,. In particular,

then, —q belongs to all these stalks. Since M is normal, we have the equality above

M= () M
peX®

so ¢ is invertible in M. But M is positive, so ¢ = 0. O



1.3. THE DIVISOR CLASS GROUP 27

Remark 1.111. If M is not positive, one can prove that this map has in its kernel
exactly the elements of M*, so we can then prove the injectivity between F./M* and
Div(M). So we assume that M is positive without losing too much information, see
also [FW14, Lemma 4.2].

This map in general is not surjective, and we define the divisor class group as follows.
Definition 1.112. Let M be a normal toric binoid. The group of principal divisors is
the image of ¢, a subgroup of Div(M), Prin(M) = im(y). The Divisor Class Group of
M is defined as the quotient

CIM) = DiV(M)/Prin(M )

1.3.4 Isomorphisms

Assume again all the hypothesis on M, including normality. We are going to prove
isomorphisms between three groups that we just described, namely Pic(W), CaCl(W)
and CI(M). Recall that we have already proved in Proposition 1.102 that CaCl(U) and
Pic(U) are isomorphic for any open subset U of X, and that W is indeed open thanks
to Proposition 1.96. What is left, is to prove that CI(M) is isomorphic to any of these
two. Again, we follow [FW14] in order to prove it.

Proposition 1.113. There is an isomorphism of groups CaCl(W) = C1(M).

Proof. We start by proving that CaDiv(WW) is a subgroup of Div(M). We can cover
W with the minimal open subsets that cover the prime ideals of height 1 defined in
Proposition 1.21, so every Cartier divisor D = {D(f),~¢} defined on W determines a
Weil divisor, namely 3, ¢ 1) vp(vf)p. This correspondence is well defined, because v —
74 is a unit defined on D(f)ND(g), so the valuations have the same values. A principal
Cartier divisor is mapped to a principal Weil divisor, because it is globally defined by
an element of I, so we proved that there is a well-defined map CaDiv(W) — Div(W)
that sends principal divisors to principal divisors. This map is trivially injective. Let
D =3",cxm npp be a Weil divisor on W. For each p € XM et D(f,) be the minimal
open subset that covers it, namely D(f,) = {p, (c0)}. Since M is regular in codimension
1, we know that M, = (Z')>° AN, so let t, be a generator of the principal maximal
ideal (My)+ (namely, t, generates N°>°). The Cartier divisor associated to D is then
{(D(fp),npty)}. So, this map is also surjective. It is easy to see that it is also surjective
on the principal divisors, namely every principal Weil divisor comes from a principal
Cartier divisor, so when we look at the class groups we have the wanted isomorphism
CaCl(W) = CI(M). O
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So we just proved that for an integral, cancellative, torsion-free, positive, normal and

regular binoid, there are isomorphisms Pic(W) = CaCl(W) = Cl(M).

Remark 1.114. The Proposition above can be generalized to any regular open subset,

and we will discuss this in Proposition 1.128.

Example 1.115. Consider M = (z,y,z | x +y = nz), for some n € N. This is
a slightly more general situation that what we already discussed in Example 1.79.
XM = {(x,2), (y,2)}, so Div(M) = Z{z, z) ® Z{y, z). In the localizations, the relations

we have are

M{m,z) = ((L’,y,Z ‘ L =nz _y)
My = (v,y,2 |y =nz—x)

Let us focus on the first ideal, and have a look at the valuation v, )

M(x,z) —= 5 Z° ANN® ——— N™
x=nz—yr—— (=1,n)——n
y— (1,0) ——— 0

z+——(0,1) ——— 1

And a similar thing goes for v, where the roles of x and y are inverted.

Y,2))
So, now consider M as a subset of I' & (Z?)>, where the generators of this last group
are exactly the inverted x and 2. The image of ¢ = (v, .), V(y,-)) Will be generated, as

a subgroup, by the images of the three generators z,y and z. So

Prin(M) = (p(2), ¢(y), ¢(2))
((04,2) (2): 0,2) (2)); (040, (1), 00,0 (1)) (002, (2), 04,2 ()
((n,0),(0,n),(1,1))

(
(

and the divisor class group will then be

I

2
~Z 7.

ci(m) = Pv(X) A(n,0),(0,n), (1,1))

/Prin(X)

Thanks to the Theorems above, we also know that this is the local Picard group of our
binoid. Moreover, recall from Remark 1.104 that the elements of this group all have a

description as ideals, namely

CaCl(M) = {(z,iz) |i=0,...,n—1}
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and the operation is just their sum. N

Example 1.116. Let our binoid be M = (z,y,z,w | x + y = z + w). We have seen in
Example 1.20 that XM = {(z, 2), (x, w), (y, 2), (y, w)}.

Then, for example, M, .y = My, and the relation here becomes r = z + w — y, so
Mgy = (Z2)>* AN*°. By symmetry, we have the same for all the other ideals of height
1, so we have that this binoid is regular in codimension 1. Like in the previous example,
it is easy to see the map, that simply goes to the coefficients (the N, again, refers to

the coefficient of z, that is not invertible).

M(.zyz) —= (Z2)*° AN® —— N*©
r=z4w-—-y—— (-1,1,1) ——1
y—— (1,0,0) ——— 0
22— (0,0,1) ——— 1
w——(0,1,0) ——— 0
By symmetry arguments, again, we can see that the subgroup of principal divisors is

generated by the 4 vectors in Z*
(17 07 17 0)7 (17 07 07 1)7 (07 17 17 0)7 (07 17 07 1)'

If {e1,e0,e3,e4} are the generators of Z*, when we quotient by the principal divisors

we get the relations
€1 ~ —e3 €1 ~ —e€3 €1 ~ —€4 €9 ~ —€4

So the divisor class group of M is

~ 74 ~
CI(M) =™ /(1,0,1,0),(1,0,0,1), (0,1,1,0), (0,1,0,1)) = 2 <

1.3.5 Relations between Pic(V) and CI(V)

The first generalization that we want to do is to an arbitrary open subset V' of Spec M,
and the next Definition goes exactly in this direction. Later on, we will generalize
the results of Proposition 1.113 to a more general open subset of the Spectrum of
M. Let M be a integral, cancellative, regular in codimension 1 binoid and let again
W = XM U X O be the open subset of prime ideals of height at most 1.

Definition 1.117. Let V' be an open subset of Spec M. The group of Weil divisors of
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V is

Div(V) = €P Zp.
peVv
htp=1

Thanks to Remark 1.111 the map ¢ is still injective when restricted to these compon-

ents, so we call its image Prin(V). The Divisor Class Group of V is
Cl(V) = DIV(V)/Prin(V)'

Remark 1.118. If W C V then CI(V) = CI(W) = CI(M).

The following results are preliminary to a counterexample that follows, where we show
that, even in very nice situations, we might have Pic(U) # Cl(U), where U will be the

punctured spectrum of a binoid.

Lemma 1.119. Let G be a group, then
Cl(M NG™) =Cl(M).

Proof. From [Bot15, Corollary 2.2.12] we know that Spec M AG® = Spec M x Spec G,
but Spec G* = {(o0)}, so Div(M A G*) = Div(M).

Moreover, thanks to Remark 1.111, we know that G is entirely contained in the kernel
of p, so its image in Div(M AG®) is trivial and it does not contribute to Prin(M AG™®),

SO
CI(M A G™) = CI(M). 0

Lemma 1.120. If M is reqular, then C1 M = 0.

Proof. Since M is regular, we know that there is an isomorphism M = G A (N")>°,
with G a group. In particular, the prime of height one are of the form (e;) with

e;=(0,...,1,...,0) generator of (N")* for ¢ = 1,...,r. Then the map ¢
Gx7Z"=T* —— Div(M) = Z"

is surjective, so its cokernel is trivial. O

Lemma 1.121 ([FW14, Corollary 5.5]). For every binoid scheme

CI(X x AY) = Cl(X).
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In particular, if X = Spec M then
Cl(M ANN*) = CI(M).

Proposition 1.122. Let M be a normal toric binoid. Let U' C U be any two open
subsets of Spec M such that UY) = U'M) . Then there is an injection

Pic(U) —— Pic(U’).

Proof. Let % = {D(f;)} be an affine covering of U. Then we can compute Pic(U) via

Cech cohomology on these affine open subsets. Since M is normal

ht p=1
peU
Since U’ and U have the same points of height one, we have that T'(U’, Oy;) = T'(U, Oypr)

and the same is true for intersections of U’ with the given covering of U, so
DU A D(f;), Oar) = T(U 0 D(f3), Ons) = T(D(f:), Our) = My,.

In particular, then, the Cech complexes to compute cohomology on U and on U’ are
the same.

Recall that, in general, there is an injection from the first Cech cohomology on any
covering to the first sheaf cohomology, because if we have a non-trivial cohomology
class in H! and a covering that realizes it, then this non trivial class will also be non
trivial in hgﬁl =H.

So, whenever we have a non trivial cohomology class in Pic(U), it is computed by the
Cech complex on % . This Cech complex is the same as the one on the covering % NU’

of U’, so it will be non trivial there, and so it will be non trivial in Pic(U"). t

Proposition 1.123. Let M be a normal binoid of dimension 2. Then
Picl°°(M A N*®) = 0.

Proof. Let t be the generator of N*°. From [B6t15, Corollary 2.2.12] we know that
Spec(M A N) = Spec M x Spec N> = Spec M x {(00), (t)} = D(t) & V(¢).

On one hand, V(t) = Spec M and, on the other hand, D(t) = Spec(M A N*®°), =
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Spec(M A Z°°) = Spec M, so topologically Spec M A N*° 2 Spec M & Spec M.

Let M$** be the extension of My to M AN®. Then V(M) = Spec N>°.

Let U" = Spec®* M, U = Spec®*(M AN*) and V = D(M$') = U’ x Al ie. V is
homeomorphic to two copies of U’, as we can see in the picture below.

Let £ be a line bundle defined on U. Then L [y € Pic(V). M is regular at any point
in U', so M AN is regular at any point in V' and, thanks to Lemma 1.121, we get
Pic(V) = CI(V) = CI(U’ x Al) =2 CL(U") =2 CI(M), so L [ve CI(M). Let D € CI(M)
be the divisor such that D = L [y.

Let (V(t)* = V(t) ~ (M AN*®), =2 U'. Again from Lemma 1.121 we get that
CI((V(t))*) = CL(U") = CI(U" x Al) = CL(V).

We have a diagram of inclusions

/\
\/

Clearly, since (V/(¢))* € V and £ [y= D, we have that £ [(y/(;))e= D. On the other side,
V(t) = Spec M is affine, so every line bundle on it is trivial. In particular, £ [y = 0.
Since, lastly, V' (t)®* C V(¢), we have that D = 0.

Now, W = UMD UU® C V, so in particular V(Y = UM and we can apply Proposi-
tion 1.122 above to obtain an injection Pic(U) < Pic(V'), but we just proved that the

latter is trivial, so our claim follows. ]

Remark 1.124. The following picture of Spec(M A N°°) might help in understanding
what is going on in the proof of the Proposition above. For clarity, we represent Spec M
with a plane, although it is just a finite number of points, and V (M$*") is represented

by a line, although it is just the two points that lie on the planes.
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(M AN®),
L X
V(t)
V(M)
Mixt
o
\\N _____ ”/ D(t)

Example 1.125. Let M = (z,y,2 |  +y = nz). We know that it is regular in
codimension 1 and we showed in Example 1.115 that Pic(W) = CI(M AN>®) = Cl(M) =
Zy. On the other side, we just proved that Pic'°°(M A N) = 0. Morally, the problem
is that M is not regular at M, that has height 2, so M A N*° is not regular at
M$* € D(t) C U. A more geometric way to interpret this result comes from the fact

that M A N°° is not an isolated singularity. N

Remark 1.126. This is not in contradiction with [FW14, Corollary 5.5, that states
that for every binoid scheme Pic(X) = Pic(X x A!), because!?

Spec® M x A 2 (Spec M x A')® = Spec®(M AN?).

Remark 1.127. Proposition 1.122 gives us a way to extend the proof of Proposi-
tion 1.123 to any binoid scheme, provided that there exists an open subset that contains

all its prime ideals of height 1 that has trivial Picard group.

The next Proposition shows that, under some regularity conditions, Picard group and

Divisor Class group agree on subsets bigger than W.

Proposition 1.128. Let V' be an open subset of Spec M such that M, is reqular for
allp € V. Then Pic(V) = CI(V).

107t is worth noting that this is true for any binoid scheme, without other hypothesis, unlike in the ring
case.
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Proof. Thanks to Propositions 1.102, 1.113 and 1.122, we know that there is an injective

map
Pic(V) —— CI(V) = Pic(V nW).

To prove that it is surjective, we extend a line bundle on the right to a line bundle on
the left. Let p1,...,p, be the maximal prime ideals belonging to V and let D(f;) be
the minimal open subset that covers p;, so clearly V' 2 W U D(f;). For any of these
primes, let N; = M,,,. By hypothesis, N; is regular, so by Lemma 1.120 we know that
CI(N;) =0. Let Vo =V NW and V; = V;_1 U D(f;). If all the maximal prime ideals
have height 1, then V =V NW = V{ and then there is nothing to prove. So, assume
that there exists at least one maximal prime ideal with height bigger than 1, ht(p;) > 2,
and assume that the Proposition is true for V;_;. Let £’ be a line bundle defined on
Spec N; N V;_1. Then we know that £ = 0, and £’ extends trivially to Spec N;.

Let £;_1 be a line bundle defined on V;_1, then £; 1 extends to a line bundle £; on
Vi, since £;_1 [y; is trivial. So,by induction, every line bundle defined on Vo =V NW
extends to a line bundle on W, = V. So the map above is surjective, and Pic(V) =
CL(V). O

Remark 1.129. The main point in the previous Proposition is whether we can extend
a line bundle defined on VNW to the whole V' or not, and in the regularity assumptions

of the hypothesis, indeed we can.

Corollary 1.130. Let M be an isolated singularity of dimension at least 2. Then
CI(M) = Picl¢(M)

Proof. Since it is an isolated singularity, its spectrum is regular outside the maximal
point My, so we can apply the Proposition above with V' = Spec® M to obtain our

claim. O

Recall from Proposition 1.102 that CaCl(V') = Pic(V) for any open subset V' C Spec M.
If we don’t have all the hypothesis that we assumed so far, Cartier divisors and Weil
divisors might not agree in general, so we define the divisor class group of a general

binoid as the Picard group of W.

Definition 1.131. Let M be any binoid and let W be the set of its prime ideals of
height at most one. We define its Divisor Class Group Cl(M) to be Pic(W).
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Example 1.132. Let Mp = (x,y,2 | © + y + z = o0). Its punctured spectrum
X = Spec® Ma is made of only prime ideals of height zero or one, so its Divisor Class
Group is exactly its local Picard group, Cl1(M) = Pic°(M). This is a special case of a
more general property that holds for graphs, that we will exploit in Section 2.4. N
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Chapter 2
Simplicial Binoids

In this chapter we will concentrate on the case of binoids arising from simplicial com-
plexes, namely simplicial binoids, through the study of the relations between the subsets
of the combinatorial spectrum and the simplicial complex from whom the binoid comes.
Then we will look at the sheaf of groups O, restricted to the quasi-affine case and, by
exploiting some properties of the Cech-Picard complex introduced in Definition 1.78,
we will provide explicit formulas for the computation of H!(Spec® Mx, O}kwA)- The last
part of the Chapter is devoted to the computation of the divisor class group (as defined
in Definition 1.131) of a simplicial binoid.

2.1 The Spectrum of a Simplicial Binoid

Recall that a simplicial compler is a subset A of the power set of the finite vertex
set V that is closed under taking subsets, i.e. G € A and F' C G implies F € A. Its
elements are called faces and the maximal faces (under inclusion) are called facets. The
dimension of a face is the number of vertices in it minus 1 and the dimension of A is
the maximal dimension of its faces. A simplicial subcomplex /\' of A is a subset of A
that is again a simplicial complex. If W C V is a subset of the vertices the restriction
of A toWis Aw ={F € A | F CW}. When we say that A is a simplicial complex
on V, we assume, unless otherwise specified, that the singletons are faces, so {v} € A,

for every v € V.1

Definition 2.1. Let A be a simplicial complex on V' = [n]. Its simplicial binoid is the

1 Refer to [BHO3] for a starting point about simplicial complexes and their role in algebra and geometry.
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binoid with presentation
Mp = <$1,.--,fvn ‘ Ty + -+ x;; = oo where {i1,...,i;} € P([n]) \A).

Definition 2.2. A special situation arises when A = &, in which case we obtain the

zero binoid Mgy := {0, 00}.

Simone Bottger, in [B6t15, Corollary 6.5.13], proved that there exists an order-reversing
correspondence between faces of the simplicial complex and prime ideals of the binoid.

In particular, the minimal prime ideals correspond to the (complements of) facets.

Remark 2.3 ([B6t15, Corollary 6.5.13]). Let A be a simplicial complex on the vertex

set V. There exists an inclusion-reversing semibinoid isomorphism?

(A, N,9) «— (Spec Ma,U, Ma +) (2.1)
Fr——(z;|i€e V\F)

Example 2.4. Let V = [4] and let

2, {1}, {2}, {3}, {4}, 2

A=< {1,2},{1,3},{2,3},{3,4} A/4

{1,2,3} 1 3
Its associated simplicial binoid is
Ma = (21,22, 23,24 | T1 + 24 = 00,22 + T4 = 00)
whose spectrum is

(wa), (z1,24), (T2, T4), (3, T4), (21, X2),
Spec Ma = § (@1, x2,x3), (1, 2, Ta), (X1, X3, Ta), (T2, T3, T4)

<9617 T2, X3, 964)

that we can represent as a C-poset as follows

2 A semibinoid is a binoid in which there might not be a neutral element.
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(w1, 22, T3, T4)
/N T
(1,22, 23) (T1,22,24) (X1,23,24) (T2,23,T4)
SpecMpa= | _~ | > >

(1,22)  (w1,m4)  (@2,74)  (T3,74)

\ /

(4)

and see that it is the same as the Q—poset defined by A

// \\{1}

Ao = \ / >< >
{3,4} {2,3} {1,3} {1,2}

{1,2,3}

2.1.1 Closed and Open Subsets of Spec M

We want to study the subsets of Spec M in the simplicial case. Recall from Propos-
ition 1.19 that a subset of the spectrum of any binoid is closed if and only if it is
superset-closed. This Proposition and the correspondence in Remark 2.3 induce a cor-
respondence between simplicial subcomplexes of A and closed subsets of Spec Ma that

goes as follows

Closed subsets
+—— Radical ideals of Ma <—— Subcomplexes of A

of Spec Ma
I=pin--Npy
Vie— P P «—— {F,...,F.}
p; minimal prime in V'
Where {Fy,..., F,} are the facets of the corresponding simplicial subcomplex. In par-

ticular, V' (w;) corresponds to the subsimplicial complex A" = Ay, g3, restriction of A
o [n] ~ {i}.

Example 2.5. Going back to the previous Example 2.4, we can easily see, for example,

that V(z1) corresponds to Agg 34



2.1. THE SPECTRUM OF A SIMPLICIAL BINOID 40

e - <$1,$2,$3,$4> \\\ ”,, 1%} \l
—— /N ‘, S TN
\ (21, 22, B3) (@1, B2, Ta) (@1, T3, Ta 02 w5, 00) [ {4} {3} {2}, {1}
3 [ S ! (N e
\\\ (T1,22) (®1,Z4) | (v2,74) (T3,74) ‘\‘ {3,4} {2,3} I.'{l,3} {1,2}

AN V(z1) -° (x4) ‘\~A{2,374},,' {1,2,3}

Since our goal is to discuss sheaves and, in particular, to build the Cech complex of the
sheaf of units on the punctured spectrum, we are interested in study open subsets of
Spec Ma.

Thanks to the correspondence between closed subsets and simplicial subcomplexes, we
know that an open subset corresponds to the complement of a simplicial subcomplex,
but we would like to have something more. We begin by considering the fundamental

affine open subsets, that we define in Definition 1.14 as

D(f):={pecSpecM | f &p}.

In the simplicial case that we are considering now, this might be exploited better as
follows. We start by recalling that a simplicial binoid is semifree and reduced. See

Definition 1.6 and 1.12 for the definitions of semifree and reduced respectively.

Theorem 2.6 ([Botl5, Theorem 6.5.8]). Let A be a simplicial complex on V. The
binoid M is finitely generated by #V = n elements, semifree and reduced. Conversely,
every commutative binoid M satisfying these properties is a simplicial binoid. More
precisely, M is isomorphic to Ma, with A = {F CW | ¥ ,cpw # oo} for a minimal
generating set W.

Definition 2.7. Let f € (Ma)® be a non-infinity element in a simplicial binoid.
Its reduction red(f) is

red(f) := Z x;.

x;€supp(f)

Remark 2.8. It is the same to look at the affine fundamental open set defined by f

or by red(f), since we have

D(f) =D(ed(f)) = [ (D(x2)),

x;€supp(f)
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that follows from three facts:

1. Ma is semifree,

2. supp(f) = supp(red(f)),

3. f¢p={_(xi,...,zy) if and only if z;; & supp(f) for every i;

Thanks to this remark, we can not only restrict to consider open affine subsets defined
by reduced elements but, moreover, to consider intersections of the fundamental open

subsets defined by the variables x;’s.

Example 2.9. We go back to Example 2.5 and we try to understand D(z1+ z3). This
is, indeed, the intersection of D(x1) and D(x3)

<':U1 y L2, X3, JT4>

——_——————

[ \

(w1, w2, 3) {{T1, T2, T4) \(T1, 3, T4)

(x1,x9)

1
[}
[}
[}
1 S
1
I
1
1
1

So D(x1+x3) is {(x2,z4), (x4)}. Its complement corresponds to the simplicial complex
AN =2~ {{1,3},{1,2,3}}. 4

2.1.2 Covering Spec® M

As we have seen in Proposition 1.33 we can cover the punctured spectrum of any binoid
with the affine fundamental open subsets {D(z;)}. While in general it might be the
case that we don’t need all the variables, for simplicial binoids we do.

With (z1,...,%;,...,x,) we denote the prime ideal generated by all the variables except

x;, in a way similar to the standard notation for sets.

Lemma 2.10. Let A be a simplicial complex on V' = [n]. Then (x1,...,Zi, ..., Tp) €

Spec® Ma for everyi e V.

Proof. Thanks to the correspondence stated in Remark 2.3, it is enough to notice that

{i} is a face of A for every i € V. O

Proposition 2.11. {D(z;)} is a covering by affine subsets of Spec® Ma that is minimal

among all the possible affine coverings.

Proof. We already know that this is a covering. To prove that it is minimal, it is enough

to observe three things.
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First, thanks to the lemma above, we need to cover (x1,...,Ti,...,Tp).
Second, D(z;) is the only affine open subset here that covers (zy,...,Z;, ..., xy,).
Third, thanks to Remark 2.8, any other affine open subset that covers (x1,...,Z;, ..., Zy)

needs to come from an element f that has the same support of z;, i.e. f = max;, for
some m € N, and D(f) = D(x;). O

Proposition 2.12. Let {D(x;)} be the covering of Spec® Ma as above. Then D(x;,)N
N D(wy;) # @ if and only if {i1,...,i;} is a face of A.

Proof. Thanks to the correspondence between prime ideals and faces, we can describe
D(x4y) M-+~ N D(x;;) in term of faces, in the following way. D(x;) = {p € Spec M |
z; g p}={F e Alic F}. Then D(x;)N---ND(xy;) ={F € A|{i1,...,i;} € F}.

If {i1,...,4;} is a face of A then this set is not empty. On the other hand, if this set is
non empty, then there exists a face G € A such that {i1,...,i;} € G. Since a subset

of a face is a face, {i1,...,4;} is itself a face. O

Definition 2.13. Thanks to the previous Proposition, we can introduce the following
notation. Let F' = {i1,...,4;} € A, then

D(F) = D(mi, + - +a;,) = [ ] D(@).
ieF
Definition 2.14. Let {U;};cs be a finite collection of open subsets of a topological
space X. The nerve of {U;} is the simplicial complex, written nerve({U; }icr), defined

on vertex set I as follows
e O € nerve({U;}),

e for any J C I, J € nerve({U;}) if and only if ﬂ U; # 2.
JjEJ
Corollary 2.15. The nerve of the covering of Spec® M given by {D(x;)} is the sim-

plicial complex itself.

The above Definition can be restated using directly I as vertex set, since V' and I have
the same cardinality, but in this form is more clear that we are defining a new simplicial
complex which, unless we are in the case of the Corollary, will be different from what
we started with.

The following Lemma generalizes Proposition 2.11.

Lemma 2.16. Let U C Spec®(Ma) be an open subset. Then U can be minimally
covered by V' = {D(F1),...,D(F})} for some Fy,...,F; € A.
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Proof. Let pq,...,px be the maximal prime ideals in U. Then Fy, ..., F; are the faces
corresponding to these prime ideals via the map in Remark 2.3. Minimality can be

proved as in Proposition 2.11. O

2.1.3 Constant sheaves

In this Section we explore the relation between Cech cohomology on the covering
{D(z;)} of a constant sheaf of abelian groups on Spec® M and simplicial cohomo-

logy of A with coefficients in that group.

Remark 2.17. Let G be a constant sheaf of abelian groups on a subset U of Spec M.
We already know that

G#{connected components of U}7 ifU 7& ,

r,6) = {

0, otherwise.

Moreover, if {D(z;)} is the usual covering of the punctured spectrum given by the
combinatorial open subsets, we can use it to compute cohomology via Cech cohomology,

and we can explicitly write the groups in the Cech complex as

é(D(Xio) n--- mD(-Tzk),G) _ {G7 it D(X;y)N---N D(xlk) + @,

0, otherwise,
because this intersection is either empty or connected.

In the proof of the next Proposition, we will compare some Cech complexes with the
complex used by Miller and Sturmfels in [MS05, Section 1.3]. There, they study re-
duced simplicial cohomology with coefficients in a field K and explicitly write the maps
between the groups. They study reduced simplicial cohomology because they talk
about Betti numbers and Hochster formula. Here, instead, we are interested in the
usual simplicial cohomology , so we just cut their simplicial complex and keep only the

parts with non negative degree.

Theorem 2.18. Let A be a simplicial complex on V. = [n]. Let {D(z;),1 < i <
n} be the usual acyclic covering of Spec® Ma and let Z be the constant sheaf on this
space. Then Cech cohomology and simplicial cohomology are described by the same

chain complexes

C*(L,2) = C*({D(:)}, 2).
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In particular, the cohomology groups are the same
H'(A,Z) = H({D(:)},Z)

for alli > 0.

Proof. We understand what we have on the right. Thanks to the previous Lemmata,
CI({D(x;)},7Z) = 7%, i.e. we have a Z for any face in A of dimension j. The maps
are the usual maps of the Cech complex.

On the left hand side, we can follow a reasoning similar to [MS05, Section 1.3].

The first thing to note is that the only difference between the complex for simplicial
cohomology stated here and the one stated by them is the degree —1, since they are
considering reduced simplicial cohomology.

We can now easily see that the complex C*(A,Z), dual to the homology complex
Co(A\,7), has the same groups as C*({D(z;)},Z): in every degree j > 0 this group is
7.

As for the maps, it is again easy to see that the map for vector spaces that Miller and
Sturmfels describe in their book, can be written instead for Z and, when we restrict
their complex to the non negative degrees, it is exactly the map of the Cech complex
described above. O

Corollary 2.19. The same holds for any abelian group G, since Homy(Z,G) = G =
Z.®7G and so Hom(C*,G) = C*®z G. In particular, we will use this fact in Chapter 4,

where the constant sheaf K* will contribute to the cohomology of the units of a ring.

Corollary 2.20. Since {D(x;)} is an acyclic covering of Spec® Ma for every sheaf of
abelian groups, the cohomology in the theorem above is also equal to the sheaf cohomo-
logy H'(Spec® M, 7).

The previous Corollary relates sheaf cohomology, Cech cohomology and simplicial co-
homology in the case of a simplicial binoid. The next one, extends these results to any

open subset of the spectrum.

Corollary 2.21. Let U C Spec®(Ma) be an open subset minimally covered by the
covering ¥V = {D(F),...,D(F})} for some Fy,...,F; € A. We have

H'(U,Z) = H(¥,Z) = H' (nerve(¥), Z).

Proof. The first isomorphism is easy because D(F') is affine and Z is a sheaf of abelian

groups, hence acyclic on the covering ¥. Moreover, thanks to the previous Theorem,
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we know that H'(nerve(¥),Z) = H'(Spec® Myerve(y), Z). It is enough to show that

Spec® Myerve(y) = U as topological spaces. This is easily done thanks to the corres-

pondences above between prime ideals and faces of the simplicial complex.

Example 2.22. Let us consider again

2, {1}, {2}, {3}, {4}, 2

A =1 {1,2},{1,3},{2,3},{3,4} A/4

{1,2,3} 1 3
The pointed spectrum of the associated binoid is

SPE(}' Ma = { <$4>7 <$1, $4>7 <332,x4>’ <5L‘3,x4>’ <$17$2>a }

<1:1’ T2, 373), <$1, X2, .134), <mla X3, .134), <1E2, X3, :E4>
as we have seen in Example 2.4. Consider the open subset
U= {<x4>7 <$17$2>7 <$17$4>7 <~T2,.’L‘4>, <.%'3,.CE4>, <I’2, .%'3,.%'4)}

as shown in picture

(1,29, 23, 24)

(;1?1,172,173> <171-,172:I4> <l‘1~,17;5-174>

(Z1,22)  (@1,%4) (@2, %4)

This can be minimally covered by the affine covering
V ={D(x3 + x4), D(x2 + 23), D(21)} = {D({3,4}), D({2,3}), D{1})}

(x1,29, 23, 24)

O]
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As we have seen in Theorem 1.67, we can use this covering to compute the cohomology
of the any sheaf of abelian groups on U.
Let Uy, Us and Us be D(x3 + x4), D(x2 + x3) and D(z1) respectively. Then

UNnUs;=U,NU3 =2
UgﬂU3:{<x4>}

So the nerve of this covering is the simplicial complex on V' = [3]
nerve(V) = {2, {1},{2}, {3}, {2,3}}

Consider the constant sheaf Z. We know already that H (U, Z) = H (¥, Z), and we can

compute the latter by meaning of the Cech complex

G ooy L cl, —2 o0
YY) Z 0
(a7/67’7)}—>(7_/6)

where éfo =T(Uij,N---N Uy, Z), that is either 0 or Z. This is exactly the cochain

.

complex needed to compute simplicial cohomology of nerve(¥). N

2.1.4 The Link Complex and its Spectrum

We want to study My, () and relate it to M, for a any face F' € A.

Definition 2.23. Given a simplicial complex A and a face F' € A, the link of F' in A

is

Ikpa(F)=1ka(F)={GeA|FUGe AJFNG =0}
or, equivalently,

Ika(F) =1ka(F)={GNF|FCGeA}.

For a subset I of [n], denote by x; the set of variables {x; | i € I}. We can write Ma

as

ng:oo, foralngZA}.

Ma = T
geG
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For a face F' € A, we denote by xp the set of variables {z; | i € F'} and by (MA)z, =
(Ma)s~

Lemma 2.24. Let Ma = (zp,) | R), where R is the set of minimal relations of Ma,

... the binoid localized at the variables corresponding to the elements of F.

i€
i.e.

R = {Z xg = 00,VG minimal non-face ofA} .
geG

Then My, iy = (x5 | R'), where J is the set of elements that share a face with i, i.e.

J={jenl[{ji} e}

and

keK

Z xk—ooeR}U{Zxk—ooeR

ke KU{i} keK

M}

Proof. For the generators, this follows almost straightforward from the definition of

R’—{Zxk—oo

link complex above, since F' € lka (i) if and only if F'U {i} € A. So the generators of
My, (7 are indexed by the vertices j € [n] with exactly this property.

For the relations, the first step is to prove that the relations in R that do not involve
x; will still be valid as relations in R'. Let z;, +--- 4+ z;, = 0o € R be a relation such
that i ¢ {j1,...,7k}. So {j1,-..,Jk} is a (minimal) non-face, and it will also not be a
face in the link, so the relation will still be valid.

The second step is to see what happens to relations of the type z;, +- - -4+x;+-- -+, =
oo € R. All the maximal proper subsets of {z;,,...,2;,...,2; } are faces of A and
all but one (namely {z;,,...,Z;,...,2; }) give rise to faces in lka (7). The only one
that gives rise to a non-face is exactly the one we are interested in, and so we set

zj + -+ & +---+x;, =00 € R This relation is also minimal, because each of

the proper subsets of {z;,,...,Z;,...,2; } is contained in another (k — 1)-subset of
{zj,...,zi,...,xj,}, that defines a face in the link complex, and so all its subsets are
faces themselves. O

Notation. Let F € A and let A be an abelian group. We denote as usual by Af the
set morphisms from F to A. It is easy to prove that AF = AIF!.
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Proposition 2.25. Let F' be a face of . There exists an injective binoid morphism

(ZF)* s (Mp)

TF

E nvv%g Ty Ty

veEF veEF

Proof. Since x, is a unit on the right for any v € F, this is a well-defined morphism.
Moreover, apart from oo this maps is clearly injective, because different vertices on the
left are map to different vertices on the right. About oo, since F' is a face in A all its

subsets are faces and so all the sums Z n,v are different from oo. O
veEF

We now recall some definitions about morphisms involving simplicial complexes from
[Bot15].

Definition 2.26 ([Bot15, Definition 6.2.2]). Let A and A" be two simplicial complexes
on vertex sets V and V' respectively, and let A : V' — V' be a set map. We say that
Alds

simplicial if every image of a face is a face;
a-simplicial if it satisfies one of the two equivalent conditions

1. every image of a non-face is a non-face,

2. every preimage of a face is a face;
B-simplicial if every preimage of a non-face is a non-face.

Notation. Since the simplicial properties of a set map depend on the simplicial com-

plexes involved, we follow the abuse of notation in [B6t15] and denote the map by

A (V,A) —— (V! A)

v —— A\(v)
thus including the simplicial complexes in its definition.

Lemma 2.27. The map

t: (VNFEIa(F) —— (V,A)

is simplicial and B-simplicial.
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Proof. In order to prove that the map is simplicial, we have to show that the image of
a face is a face. Let G be a face of Ika(F'). Then GU F € A, as well as all its subsets.
In particular, \(G) = G C GU F, so G € A and the map is simplicial.

In order to show that it is S-simplicial, we have to prove that the preimage of a non-face
is a non-face. Let H be a non-face of A. Then A"} (H) = H N (V \ F). Assume that
the latter is a face of Ika (F'). This is the case if and only if (HN (VN F))UF € A
and (HN(V ~ F))NF = @. In particular,

(HA(V~F)UF=HUF)N(V~F)UF)=(HUF)NV=HUF

In particular, HC HUF € A, H € A\, so A™!(H) has to be a non-face of lka (F). O

Remark 2.28. The map above is not a-simplicial. Let A be the complex on V = [5]
with facets {1,2,3} and {3,4,5}, i.e. the “butterfly”
2 4
: 3 i
1 5
Consider F' = {1}, so [ka(F) = {2, {2},{3},{2,3}}. The preimage of {3,4,5} under

the map above is {3,4,5} NV ~ {1} = {3,4,5} N{2,3,4,5} = {3,4,5} that it is clearly
not a face in lka ({1}).

Lemma 2.29 ([Botl5, Example 6.2.11]). Let F be a face of the simplicial complex A\
on vertex set V. Ika(F) can be seen as a simplicial complez on V' and the identity is

an a-simplicial map:

Id: (V,A) —— (V,Ika(F))

VH——v

This map is not simplicial.

Our goal is to prove in the next section that My, () A (ZF)> = (Ma),,.-
In order to use the universal property of the smash product (see [Bot15, Proposition

1.8.10]) to get a map My, (7) A (ZFY* — (Mp),,, in the following diagram,

My, () A (ZF)™ 21— (2F)>

]T f& (2.2)

My, (ry ——5—— (Ma),,
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we first need all the other maps. ¢ and j are the maps that come from the smash
product, so we are just missing ¢ and . We gave already ¢ above in Proposition 2.25,
and we can give ¢ as follows, although it does not come from simplicial properties (they

would go the other way around, see [Bot15, Corollary 6.5.18]).
Proposition 2.30. Let F' be a face of . There exists a binoid homomorphism

My, (ry — (Ma),,.

§ Ny T ” § N T

weG weG

Proof. From [Bot15, 6.5.16], for any binoid N, any N-point p : V \\ FF — N factors
through My, (7). In particular, the map

p:VNF —— (Mp)zy
w—w

is a (V \ F)-point, since it respects the condition Z w; = o0 if I ¢ Ika(F), so it factors
i€l
through My, (7, thus yielding us the map in the statement. O

We now have all the maps that we need in the diagram above, and we are ready to

prove the isomorphism in the next section.

Proposition 2.31. Spec My, ;) is homeomorphic to D(x;) via the injection

Spec My, () SN Spec M

p——>p

Proof. From the definitions and Remark 2.3, it is just an easy computation

Spec My, (5) = {p € Spec MlkA(Z-)}
={([nI ) N GG elka(i)}
={lr~(Guii}) |GU{i} e Ai ¢ G}
={[n|\F|i€eFeA}
= {p € Spec Ma | zi ¢ p} = D(;) O

Example 2.32. We go on with our favourite Example 2.9 and we describe its link

complexes. Recall
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@,{1},{2}, {3}, {4}, 2
A= {1,2},{1,3},{2,3}, {3, 4} A/‘l
{1,2,3} 1 3

and its simplicial binoid is
Mp = {.’E1,$2,$3,$4 ’ T1+Xg4 = 00,To + Ty = oo}

Then the link of the vertices in the simplicial complex and their simplicial binoids are

2
2,{2}, {3},
Ika(1) = { 2.3} } \ My, 1) = (w2, 23 | D)
3
2,{1}, {3}, o
ka(2) = { .3 } 1 3 M, (2) = (21,23 | @)
2 x1,%2,T4

. ®>{1}7{2}> .4 — o
Ika(3) = { (4).{1.2) } 1 / My, )= | 21 + 24 = 0,

To + x4 = 00O

ka(4) = { o, {3}} 3

My, 1) = (23 | 9). <

2.1.5 Oy, (D(z;))

From the definition of the structure sheaf of a binoid, Definition 1.26, we know that in
general Oy (D(f)) = My, the localization of M at f.

Theorem 2.33. For any face F' € /\ there is an isomorphism
(Mp)zp = Mpr A (ZF)> (2.3)

where A" =1ka (F).
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Proof. We just have to prove that the map My, (r) A (ZF)* — (MA)xp’ that we get
from diagram (2.2), is an isomorphism. In order to do so, we give an explicit description

of it. In the diagram

My, (7) N (ZF)T —— (1)~

T\J

My, (ry —5— (Ma),,,

we know the maps ¢ and v, we know that ¢ and j are the inclusions in the smash
product and we know that the triangles commute, so (i = ¢ and (j = ¢. We can then

explicitly describe ¢ on the generators of My, gy A (ZF)Y>™

My, () N (ZF)> = (Mn),,,
wAO —— p(w) =w

0NV —— Y(v) =v

more in general,

¢ (Z NwTw N Z mvmv> = Z MLy + Z My Ty
weG veF welG veEF

and this is not oo because GU F € A, since G € lka(F'). Apart from oo, this map is

injective because the maps 1 and ¢ are injective themselves.

Moreover, it is surjective because every element f € (Ma),, has a unique description

(the binoid is semifree) with respect to the semibasis

Z Ny Ty + Z NyLy-

weV\F veF

If f = oo, since x, is a unit for any v € F', we have that

Z NpTey = OO,
weVF
that is true if and only if {x,, | nyw # 0} ¢ Ika(F') so, in particular, f = ((co A0) (and,
by the properties of the smash product, this is also (0 A c0)).
If f # oo, then it is clear that f = (3 ,cqMwTw A X yer NouTy) for G = {xy | nw #
0} € Ika(F).
So, ( is an isomorphism and we get our result. ]
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The following Example shows in full details that the localization at a face F' of A yields
a free part Z¥ of rank equal to the cardinality of F.

Example 2.34. Let’s have another look at our favourite Example 2.32, whose simplicial

binoid is
Ma ={x1,29,23,24 | x1 + x4 = 00,2 + T4 = 00}.
Let us compute its localization at z;
My, = (x1,—21,22, 23,24 | 1 + T4 = 00,9 + 24 = 00,21 + (—21) = 0)

But 4 = (—z1+21) + 24 = —21 + (21 + 24) = —x1 + 00 = 00, and the second relation

becomes trivial, zo2 + 0o = co0. So the minimal generators and relations are now

My, = (1, —21, T2, 23,74 | T4 = 00,21 + (—x1) = 0)
= (z1, —x1, 22,23 | 1 + (—21) = 0)
= (z2,23 | @) A (@1, —21 | 21 + (—21) = 0)
= My, (1) NZ>.

By chance, here we can eliminate the dependence from the link, since My, 1) =
Mp2,3)) = (N2)*° | and obtain

M,, = (N)™ AZ>,

My, is exactly the symmetric situation, so My, = My, (2) N Z™ = (N2)™ A Z>,
x3 is not involved in any of the relations, so these do not change when localizing and
they stay exactly as they are, giving us My, = My, 3y A Z>.

The next case is again interesting

Mz, = (21,22, 23, 24, —24 | T1 = 00,22 = 00,74 + (—4) = 0)
= (23| @) A (v4, —24 | 24 + (—24) = 0)



2.2. THE PUNCTURED CECH-PICARD COMPLEX 54

When we localize two times we end up with the following binoids

Mzﬁ-xz = (Mxl)
= (xg ’ @) A (IL’Q, ) ‘ xro + (—l’g) ) A (.731, —I1 | xr1 + (—x1)
= My, (1.2y) N L= NZ>® = My, (1.23) A (Z*)>®° 2 N> A (Z2)

z2

= (29, —w2,23 | 22 + (—22) = 0) A (z1, —21 | 21 + (—21) = 0)

)

My 4zs = (.732 ’ @) A (.%'3, —Xx3 ‘ T3 + (—:L'3) = 0) A (1’1, - ’ 1+ (—.%‘1) = 0)
= My, (1,31 N (Z%)™ = N® A (Z%)°

M:Jc2+ocg = (.1‘1 | @) VAN (36‘2, —T9 | o + (—1‘2) = ()) VAN (:Ug, —x3 | xr3 + (—.1‘3) = 0)
= My, (231 N (Z°)> = N> A (Z2)

Myyiz, = (x3,—x3 | 23+ (—23) = 0) A (24, —74 | 4 + (—24) = 0)
= My, (3.ap) N (Z°)®° = Mgy A (Z°)® = (2*)

It is worth pointing out that inverting {z1,x4} — or any other non-face in A — would
yield the degenerate case M, ,, = 0o, because we are inverting the infinity.3

The last localization that gives us a non-degenerate situation is My, 4, »s = (Z3)™. <

2.2 The punctured Cech-Picard Complex

Our goal is to compute the cohomology of the sheaf of units O* in the simplicial case.
In order to do so, we should look for an appropriate Cech covering of the punctured
spectrum. We proved in Theorem 1.67 that the cohomology of O* vanishes on affine
pieces, since it is a sheaf of abelian groups, so in particular we can use {D(z;)} as an
affine open cover to compute cohomology of O}, on Spec® M via Cech cohomology.

In what follows, assume that M is a positive semifree binoid with semibasis {z1, ..., z,}.*

Definition 2.35. Let Z be the constant sheaf on D(x;) and let j; : D(x;) — Spec® M
be the usual open embedding. Denote by O the extension by zero of Z along j, that

% Recall from Definition 2.2 that Mz = {0,000} # oo
4 See Definition 1.6 for the definition of semifree binoid.
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is the sheafification of the presheaf on Spec® M°

Z, if U - D(xz),

0, otherwise.

4 .U+—— {
Notation. Since z; is a unit of Oy on D(z;), we would think of Z on D(z;) as multiples
of x;, thus denoting this group with Zx;.

Remark 2.36. We can easily describe the stalk of Oy at p as follows

(01,), = lim O3, () =

Zx;, if p e D(.ﬁ(}z),
pelU

0, otherwise.

Proposition 2.37. There exists a morphism of sheaves
0y, — Oy

Proof. There is a morphism of presheaves
g —— Oy

because if U C D(x;) then 4(U) = Z and x; is a unit of O;(U), so we just send 1 — x;.
If U ¢ D(z;) then the value of the presheaf is 0, so we send it to 0 in O};(U). Thanks

to the universal property of the sheafification, we have the following diagram

g —— Oy

|~

03,
that yields the desired morphism O — O},. O

Example 2.38. Consider the binoid M = (z,y |  + y = 00). Its punctured spectrum
is U = {(x), (y) }, that we can cover with D(x) and D(y), that have empty intersection.
Indeed, O} (D(x)) =Z and O%(D(y)) =0, so OL(U) = Z. <

Theorem 2.39. There exists an isomorphism of sheaves

n
* *
Do:, —— 0.
=1

This sheaf would usually be denoted by j;,Z, but we simplify the notation since there is no confusion.
See [Har77, Exercise 11.1.19.b] for the definition of the operation !.
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Proof. This map exists because it is induced component-wise by the maps obtained by
the previous Proposition applied to the different x;’s.

In order to show that it is an isomorphism, recall from [Har77, Exercise 11.1.2] that a
morphism ¢ : % — ¢ between two sheaves on a topological space X is an isomorphism
if and only if it is an isomorphism for the stalks of these sheaves.

Let p € Spec M. Thanks to Lemma 1.21, there exists a unique minimal open subset
that contains p, namely the fundamental open subset D (sz ¢p a:j)

On the right hand side,

01, = 0%, (D (z )) ~a
z;¢p

where 7 is the cardinality of {z; | z; ¢ p}.
On the other hand,

n

(é%)p ~ EzBl (OL)p = GE(DQE (D (;épx])) ~ g9

where s is the cardinality of {i € [n] | z; ¢ p}, so s = r, and the isomorphism between
them is the identity. O

Thanks to this Theorem, we already know that we can decompose the Cech complex
for O* on the covering {D(z;)} in the direct sum of the Cech subcomplexes of this
decomposition. In this section, we are going to give explicit descriptions of these com-

plexes.

Example 2.40. We illustrate with a counter example why we use the extension by
zeros and not the pushforward of Z.

Consider the simplicial binoid M = (z1,z2,z3 | 1 + 2 + 3 = o0). Its simplicial
complex is the open triangle, with 3 sides and no 2-dimensional face. The simplicial
binoid of the link of 1 is My, (1) = (w2, 73 | 22 + ¥3 = 00), whose spectrum is homeo-
morphic to D(z1). When we consider U = D(z3), we have a non-empty intersection

D(z1) NU = {{x2}}, and then, when we try to compare the evaluations of O} , j;,Z
and j;Z, we get

O3, (D(z3)) = Oz (D(x3) N D(x1)) =0
JnZ(D(z3)) =0
JisZ(D(z3)) = ji, Z(D(x3) N D(21)) = Z,
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thus showing that the pushforward is not the right sheaf to consider here. N

2.2.1 The Groups

We will now investigate the groups involved in the punctured Cech-Picard complex
C* = C*({D(x;)},0%),

i.e. the Cech complex of the sheaf of units w.r.t. the combinatorial affine covering of

Spec® M.

Theorem 2.41. Let Ma = (z1,...,%, | R) be the simplicial binoid associated to the
simplicial complex /\ on the vertex set V.= [n| and let F C [n]. Then

¥ ifFeA,
TN (ﬂ D(wi)> = J (2.4)
icF 0 otherwise.

Proof. Thanks to Proposition 2.12 and Proposition 1.29 we have

OMA (ﬂ D(x,) =

1eF

)Q{MQhF it F e A,

0 otherwise.

Recall from Theorem 2.33 the Equation (2.3) that states
(MA)QCF = MlkA(F) VAN ZF.

Lastly, after recalling that any simplicial binoid is positive, we obtain our result. ]

Remark 2.42. This group Z is generated by inverting the j variables in 5 that have
no relations between themselves, thanks to the fact that they correspond to vertices

contained in a face.

Remark 2.43. Another proof of this Theorem comes from Theorem 2.39 and Defin-

ition 2.35. Since ﬂ D(z;) € D(x;) for any i € F and O* = @ Oy, we get a Z for
i€F i€[n]
any ¢ in F', thus giving us the thesis.

Example 2.44. Let’s go back again at our Example 2.34, whose simplicial binoid is

Mp = {l’l,.%'g,.%’g,x4 ’ 1+ Xq4 = 00,T2 + Ty = OO}
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We already computed the localizations, and so we are able to describe the values of the

sheaf of units O}, on these open subsets

Oy (D(x1)) = M, = (z1, =21, 22,3 | 71 + (—21) = O)*
= (z1,—z1 |21 + (—21) = 0)>k =7,

M 27,

My, =7,

I

O, (D(x2))
Ohr, (D(x3))
O, (D(24)) = My, = Z,

12

on intersections of two of them

Olr, (D(1) N D(wa)) = M, 4, = (Mye, 12y A (22)7) 222,
Ohr, (D(w1) N D)) = M;, ,, = 72,

i1, (D(@1) N D(ws)) 20,

Oir (D(x2) N D(x3)) = My, .. = 77,

i1, (D(w2) N D(ws)) 20,

Or, (D(ws) N D(wa)) = My, ,, = 22,

Oir, (D(z1) N D(x) N D(x3)) = My, ,, .. = 72,
Oty (D(z1) N D(x2) N D(x4)) = 0,
O (D(x1) N D(x3) N D(x4)) =0,
O, (D(22) N D(x3) N D(x4)) =0,
Ojy (D(z1) N D(x2) N D(zs) N D(x4)) = 0. .

So we can explicitly describe the groups of the Cech complex for the sheaf of units on

the combinatorial affine covering {D(x;)}, defined in general in Definition 1.78; as’

G- @ =@ 7" (2.5)
FeA Fe;
|F|=j+1

We have indeed an even nicer description of the groups, where we can index them on

5 Recall that A; is the set of faces of A of dimension j.
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the single vertices, using the results from Theorem 2.39 above.

Theorem 2.45. There exist groups éf indexed by the vertices i € V such that (7 is a

direct sum of them
o - @ai (26)
eV
Proof. Mp is semifree, so Theorem 2.39 applies, and we can decompose
O, - O =
eV

Remark 2.46. Consider a face F' of dimension j. The evaluation O} (D(F)) is non

zero if and only if F' contains ¢, so we can define

= P o.or)= &

{Fel; | ieF} {FeA; |ieF}

Taking the sum over the vertices, we get an explicit description

- @ z)-@d.
i€V MFen, | ieF} i€V
So we can write explicitly any group in the Cech-Picard complex as a sum of groups
indexed by the vertices. In what follows it will be convenient to use an uncommon

notation, so we will take some time now to explain it, then we will do an Example to

understand it better.

Notation. Let F' = {ig,...,i;} be a face in the simplicial complex A. Thanks to what
we just proved, Oy, (D(F)) = Z¥ = 77, When we have a section of O*(D(F)), we

would like to be able to recover F', so we denote such a section with
F *
o' € Oy, (D(F)).

This o is indeed a j-tuple of integers, where j is the cardinality of F. We want to

be able to address its components. To do so, we place indices in the usual lower right

corner, making our general section a j-uple indexed by elements of F', that looks like
ol = (UF ok ...,UF) = (af‘iéF).

21?7 7 192? ij

A particular case is when F is a vertex, say F' = {i}, so that ol = (05 ) In this case
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we will often omit the subscripted index.

Example 2.47. To better explain this notation, let’s have a look again at our usual

Example 2.44, whose simplicial binoid is
Mp = {7317513275537554 | T1+Ty=00,T2+Ty = oo}.

We computed the localizations, and we computed the images of O* on the intersections
of the coordinate affine fundamental open subsets.
Let us describe . We know by definition that

Gl @ O, (D(i)n D)

1<i<j<4

Thanks to what we already did, we know that we can rewrite this as

c'> P 72

Fe/

Let us fix for example F' = {1,2}. Then Z? describes the invertible elements of the
form axy + Brg, with (a, 8) € Z2. So we denote the groups in Cl with the face they

correspond to
Cvl ~ Z{LZ} D Z{l,?)} D Z{2,3} oy 2{374}

and we can write a general element of o € C! as

o= (0-{1,2}, o3} 5123} 0{314})
= ("o, (o o), (02, o), (o o))
In this way we know that, for example, aél’s} is the coefficient of x3 in O*(D({z1, z3}))

and a§3’4} is the coefficient of z3 in O*(D({x3,x4})).

In our re-indexing of the groups, what we are doing is actually grouping together the
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coefficients related to the same coordinate. So, the C}’s will be

(.o )
)
CS — 73— {( {1,3}7 022,3}7 O'§3’4})}

ct=2={(s")) :

We now understand the groups in the Cech-Picard complex, and we have a way to
describe them in terms of membership of a vertex to a face. What about the maps?

Can we split them too?

2.2.2 The Maps

An explicit description of the coboundary map is rather easy. Consider two faces G # F
such that G = {ip, ...,i;1} and F = GU{3;}, and an element 0 € O3, (D(G)). Then
o¢ e is

O'G:(O'G O'G O'G )

192 @i 1Y

and we can then restrict it to D(F’) to obtain

G G _G G
o [F:(a iy 0y ey 0y )

107 Y117 > PG

Indeed, due to this observation, the image of the j-th coboundary map (as defined in
Definition 1.78 following [Har77, Section II1.4])

& : G —— G (2.7)
cr—— T =07 (o)
can be described component-wise.

To make the situation a bit more clear, we are working with the following groups
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B r(Di)n---ND(),0%) 25 @ T (D(wiy) N0 Daiy,), 0%)

10<...<1j 10<...<%j+41
[ I
B r(D@i)n--ND@y),0) — @ T (D)D), 0%)

’i0<...<ij i0<...<ij+1
{i0,...,i; JEA {i0,..ij+1}EA

&P z¢ DS z*

Gen, Felj

Theorem 2.48. Let F' = {ig,...,i;} € A. Then we can write the above map component-

wise as

=3 (=1 (M 1) (2.8)

for every k € {0,1,...,j}.

Proof. This is just a straightforward computation, since the description of the map in

the complex is

. F g+l .
(97(0)) : =D (=)t (o™ 1)

=1

i+1
- g(—l ((aF\{iz} [F>i1 N (aF\{il} fF)ik ey (GF\{”} TF)Z.Hl)

M

)l—l
G+1

_1\-1 F~A{i}
11( 1=t (o rF)k) 0

Remark 2.49. By the definition of the restriction we have (O'F ~id g F) = 0, while

7

everything else is untouched. So we can rewrite the above formula as

TiF _ Z (_1>l—1 (UF\{il} FF) _ Z (—l)l_l (Uf\{il}) )

e F{i} bheR{i)

This means that the maps split on the vertex-wise indexing that we introduced above

and the Cech-Picard complex splits in the following complexes indexed by the vertices

o’ . j
Cl—— ... ———C —— ... 0 (2.9)
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where by 5‘{ we denote the map of the Cech complex that we described above. So we

have a decomposition in smaller complexes

c=per
eV
where, in case they don’t have all the same length, we extend these complexes on the
right with enough 0’s.
We will prove in the next Section that this decomposition is the same as the decom-
position that we get from Theorem 2.39 for a general semifree binoid. In the case of
a simplicial binoid, we will be able to relate this to the links of the vertices of the

simplicial complex we started with.

Example 2.50. Let’s go back to our usual Example 2.47, whose simplicial binoid is
Mp = {$1,1:2,553,SU4 | 1+ x4 =00,To + Ty = oo}

We computed the localizations, we computed the images of O* on the intersections of
the coordinate affine fundamental open subsets and we computed the groups éf . Let’s
put together these results to build up the Cech-Picard complex.

The complex is

v

Co:c0 2,00 2,0

that we can explicitly write as

7 @ 742 @ 783 @ 21 20 (22)112} g (22)013) @ (22) 123} @ (22)34 2

(23){1:23} _2 .0

and we know that it is the direct sum of the chain complexes
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The groups in these smaller complexes are”

-2 (o) 8 -2 { (o)
@ -2 {(o) ()

511 — 72— {<0f1’2},0f1’3})} CV21 _ 72 _ {(051,2}’ 0_;2,3})}
Cl=178= {<J§1,3}70§2,3}7 U§3,4}>} ol—7— {(013,4})}

C? —7— {(Gfm,:%})} é% —7— {<U§1,2,3})}

s =2={(-4*)) =t

{*}

where all the o4/ are integer numbers.

Now that we split the groups, we turn to the maps. We start with 9°

(o1}, 02, 0031 o 4H) 2, (ot i), (—o{1) o3, (~ot2), ol3h), (~o 13 oth))

that we can write as the direct sum of the maps 89 of the complexes C?

7 %, 7012 g 7008) 7 %, g1 g 728
(o1 — (=0, —o 1) (o) — (o2, —ot2)
743} LE) ng} o Z§2’3} o Z§3’4} 7{4) i Z;[13,4}
(03) — (o3, 013, -0 (o) — (o)

We deal now with 9!
((O’i172}, 0_;[1,2}), (O'$173}7 U§1,3})’ (0_52,3}’ U?{’273}), <0_§3,4}7 O_i374}>) 61

(_UF:’} + Ji{1,2}7 052,3} + 051,2}7 J§2,3} . U§1,3}7 0)

That again we can split as the sum of

" Recall from our choice of notation that, since there is not any ambiguity, we omit the subscript index
when F' is a vertex.
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Z{l 2% g Z{l 3} Z{l 2,3} Z{l 2% g Z{z 3} Z{l 2,3}

1,2 1,3 1,3 1,2 12) {23 2,3 1,2
(2 o] })%(_Uf Doy (o of })%(ag ot
Z{13}@Z{23}@Z{34} Z{l 3} Zi3,4} 9} 0

1,3} {23} {34 2,3 1,3 3.4
(o419 029 of })%(ag o) G p—

So we recover that we can describe the original complex as a direct sum of the smaller

ones, like we proved in general above. N

2.2.3 The Link Complex and its Chain Complex

In the previous Section we described the Cech-Picard complex for the covering D(z;) of
the punctured spectrum of a simplicial binoid completely in terms of the combinatorics
of the simplicial complex itself. In this Section, we will relate it to the chain complex
used to compute simplicial cohomology with coefficients in Z of the link of a vertex in

our simplicial complex.

Lemma 2.51. We have®
Cr = C*H(Ika (i), Z)

as cochain complexes.

Proof. From Definition 2.35 we have the isomorphism O} = j;Z, induced by the open
embedding. Let m; be the maximal ideal (w.r.t. inclusion) of D(z;), i.e. m; = (z; | j #
i). Let D*(x;) be the punctured spectrum of the link, i.e. D*(z;) = D(x;) ~ {m;} =
Spec® Miy . (i)-

We can cover j;(Spec® My, ;) with the affine open subsets D(z;+z;) = D(x;)ND(x;),
with 4 # 7, on which we know that Z is an acyclic sheaf, because it is a sheaf of abelian
groups on an affine scheme of binoids.

D(z;) is the only coordinate affine open subset of Spec® Ma that covers m;, and this is
the only point not covered by another coordinate affine open subset, i.e. m; ¢ D(x;),
for any j # 1.

When we look for cohomology, we can use the following complexes to compute the

simplicial cohomology of the link lka (i), the cohomology of the sheaf Z on D®(x;) and

8 Recall that C® is the extended complex that computes reduced simplicial cohomology.
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the cohomology of O} on Spec® Ma, respectively

~

C*(ka(i),Z),  C*({D(x:i) N D(xj)}j4,Z),  C*(Spec® M, Oy).

We have that the first two are the same, thanks to Theorem 2.18. The third is different,
because there is one more open subset (namely D(z;)) on which this sheaf evaluation
is Z.

What we have is indeed that, for any k& > 1,

C*(Spec® Mp,0;) = P I(D(F),0;)

T

Felg
= @ 1(DFE),0)e @ T(DG),0L)
ieFel, igGED,
= P T(DEF)0;) o0

ieFeNy
= P T(DEF~{i})ND(x;),0})
1EFEN
= P TI(D@G)ND(xi),jnZ)
iEFEN

G=F~{i}
= EB IN(D(G)ND({i}),Z)
1EFEN

G=F~{i}
= @ I'D(G),7)

Ge(lkA(i))kA

=C* 1k (i), 2).
So we just proved that, assuming k& > 1,
C*(Spec® M, 0%) = C* 1 ({D(2;) N D(x))}j 2, Z) = CF 1 (Ika (i), Z).
For k£ = 0 these groups are trivially the same
C%(Spec® M, 0%) = Z = C Ik (i), Z).
Applying Theorem 2.45 we then get our thesis
Cr = C*(Spec® M, 0%) = C* 1 (Ika (i), Z). O

Patching together what we proved in the previous sections we get the following result,
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that makes the final step towards the next section, where we will finally relate sheaf

and simplicial cohomology.

Theorem 2.52. We can rewrite the punctured Cech-Picard complex as direct sum of

the reduced simplicial cochain complexes of the links of vertices in A

C* =P (ka(i),2).
%

Proof. This follows from the previous Lemma and from the sheaf decomposition
Op, =0, @20,

already exploited in Theorem 2.45. O

2.3 Cohomology

Summing up what we did until now, we can produce the following Theorem that allows

us to compute sheaf cohomology n term of reduced simplicial cohomology.

Theorem 2.53. Let A\ be a simplicial complex on the finite vertex set V- = [n]. We
have the following explicit formula for the computation of the cohomology groups of its

Cech-Picard complex

H (Spec* M, Oy, ) = @ (Ika (i), 2) (2.10)
eV

for 7 >0.

Proof. Recall from the results in this chapter that we can use the open subsets defined
by the variables {D(z;)} as a Cech covering for Spec® Ma (Proposition 2.11) and we
can associate to any non empty intersection in this covering a face of the simplicial
complex (Proposition 2.12). This allows us to index the components of the sections
with faces and their elements (Notation on page 59), making us able to index the groups
appearing in the Cech-Picard complex with the vertices in the simplicial complex and
finally allowing us to split the cochain complex into smaller ones (Theorem 2.45 for the

groups and Theorem 2.48 for the maps), and obtain

¢ =Pc:.

icV
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On the other hand, in Theorem 2.39 we proved that there exists an isomorphism of

sheaves

O =05 &0, & & O

Tn

where O is isomorphic to j;Z, where j; is the open embedding D(z;) — Spec® Ma.

In Lemma 2.51 we observed that
C* (Spec® M, 07, ) = C*7* (Ika (i), 2)

By putting all these things together, we obtain that

H/ (Spec’ MA,(’)}kWA) =H (Spec' MA’@O;'L>

2%
= @Hj (Spec’ MA,O;_) (2.11)
%
=P (Ika(i),2),
iV
where H is the usual reduced simplicial cohomology. O

Corollary 2.54. The 0-th and 1-th cohomology groups are always free and they have
the following form

HO(Spec' M, O*) _ Z#{O—dim facets of A}
H!(Spec® Mp,O%) =77

where

r= Z I‘k(ﬁo(lkA ('U), Z))
veV

=> rk(HY(Ika (v), Z)) — #{0-dim non-facets of A}
veV

Corollary 2.55. HJ (Spec’ Mp, O}*WA) =0, forj >dimA +1.

Proof. Let m be the dimension of A, so the facets of maximal dimension have m + 1
vertices. Each intersection of m + 2 subsets in {D(z;)} will then be empty, because
there are no faces with m + 2 vertices, so €1 ({D(:L‘z)}, (9}"\4&) = 0 and the results

follows trivially. O
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Remark 2.56. Another proof of the previous Corollary can be achieved through the
dimension of the link complexes, that have dimension at most m — 1, so their reduced

cohomology is trivial in degree higher than that.

Remark 2.57. The previous Corollary is an expected result, particularly in view of
the known Theorem of Grothendieck in the famous Tohoku paper, [Gro57, Theorem
3.6.5], where he shows it for any abelian sheaf on a topological space X and degree
j > n+ 1, where n is the combinatorial dimension of X, i.e the maximum length of

strictly decreasing chains of closed subsets.

2.4 Special cases

In this section we will study some special cases and examples, for which we carry on
explicit computations of the cohomology groups.
2.4.1 The 0-dimensional case

Corollary 2.58 (dim A = 0). For a 0-dimensional simplicial complex on V' = [n] the
only non trivial cohomology is H(Spec® M, O*) = Z".

Proof. We observe that the complex is just n isolated vertices, then we apply the
previous Corollary 2.54 and we get our thesis. O
2.4.2 The affine space

Corollary 2.59 (The affine space). If A is an (n — 1)-dimensional simplex, then
Mp = (N")®. If n > 2, we have that Ika (i) = A, —9, the (n — 2)-dimensional simplex,

whose reduced cohomology is trivial, so
H*(Spec® Ma,0*) =0

for all k > 0. On the other hand, if n = 1 then A is a point, the 0-dimensional simplez,
so lka(i) = {@} and we can either use the result above or the property of reduced
simplicial cohomology to get that H°(Spec® Ma,O0*) = Z, H*(Spec Ma,O*) = 0 for
k>1.

The affine (N3)™

The simplicial complex A is
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2, {1},{2}, {3}, 2

A =1 {1,2},{1,3},{2,3}, i i Mp = (21, 22,23 | @)

{1,2,3} 1 3

Its spectrum is

Spec® Ma = {oo, {z1}, {xa}, {23}, {21, 22}, {1, 3}, {x2, 23} }

Thanks to the symmetry of this complex, we can describe any of the O, and then use
it for all the others. The link of z; is the simplex on {z2,23}, so we can see that the

complex for simplicial cohomology of this link is

Clia (1) : 72 — 72 ez — 723 9
a—— (v, )

(g, a3) —— —ao + a3

and has trivial cohomology groups, so the cohomology H!(Spec® M, O*) is 0 in every
degree. The details of the computations of the complex of the link are carried over in

Subsection 2.4.7, where we have a similar situation.

2.4.3 Graphs

Corollary 2.60 (dimA = 1). Let A = (V,E) be a simple graph. Then HO(C®) =
78, where s = #{v € V | e € E,v € e} is the number of isolated vertices of the

graph and H'(C*) = Z", where r = Z (#{e€ E|vee}—1), the sum over

\%
v nogisolated
all non-isolated vertices of the number of edges containing them, minus 1. All higher

cohomologies vanish.

Remark 2.61. It is important to highlight that, in this case with this very explicit
description, again we are able to compute cohomology via indexing on the vertices,
but we are not able to transform this in an index that depends on the edges. Mor-
ally, vertices give generators and edges give relations between them, although not in a

completely straight-forward way.

Definition 2.62. Let (V, E) be a graph. The degree of a vertex v € V' is the number
of neighbours of v, i.e. the number of edges that contain v. A graph is k-regular if every

vertex has the same degree k.
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Remark 2.63. Let k, be the degree of v € V in A. The Corollary above for the H!

of a graph can be rewritten as H'(C®) = Z", where r = Z (ky —1).

veV
v not isolated

Remark 2.64 (k-regular graph). Let V' = [n]. In the case k = 0, we are looking at
the case in Corollary 2.58. Let k > 0, so any vertex i is contained in k edges. There
are no isolated vertices, so H° (é') = 0. About the first cohomology, the link of each i

is exactly k disjoint vertices, so
H! ((?0) _ Zn(k—l)‘

Remark 2.65 (Complete graph). A particular case is the complete graph K,,, that is

(n — 1)-regular and for which we get
H! (é') _ Zn(n—2)‘

Remark 2.66 (Cycle graph). The cycle graph on V' = [n] is the graph with edges
E={{i,i+1}|ie[n—1]}U{l,n}. This graphs is 2-regular, so

H(C*) = z".

Remark 2.67 (Path graph). The path graph on V = [n] is the acyclic graph with
edges E = {{i,i+1}|i € [n—1]}. In this case all but two vertices (1 and n, the

extremal ones) have degree 2, and the two extremal have degree 1, so
HY(C*) = z"2.

During the presentation of a poster in October 2015 in Osnabriick, professor Gunnar
Flgystad asked us what is the relation, if there is any, between this local Picard group
of a simplicial binoid of a graph and the graph-theoretical Picard group of the graph,
also knows as Jacobian group, Sandpile group and Critical group. The latter is defined
to be the torsion part of Zv/i (L) there L is the adiacency matrix of the graph. One
can prove that this group is finite, see for example [Big97, Proposition 32.2] and [Big99,
Theorem 7.3]. So, as far as we know, there is no relation between our (free) groups and

the graph-theoretical ones.
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2.4.4 An example with isolated vertices

Let A be the simplicial complex on V = {1,2,3,4} with facets {1,2}, {3} and {4}.
2 4

" {@,{1},{2},{3},{4},} / .
{1,2} .

1 3

with simplicial binoid

r1+x3 =00,T1 + X4 = OO
Ma = 21,%2,23,%4 | To + T3 = 00, L9 + T4 = 00

xr3 + Ty = 00
The Cech-Picard complex on the punctured spectrum looks like

C:0— @ Za—o> @ 72— 0
{iter {i,jten

(o1, 0, 03, 0q) —— (—0u, )

So we have HY(C) = 72, H}(C) = 0 and these are the results that we were expecting
from Corollary 2.60.

2.4.5 The case x1 + 13 + 23 = ©

The (one-dimensional) simplicial complex A is

2
A — ®7{1}7{2}a{3}’ (1‘1,1‘2,:133 |$1+$2+$3:OO)
{1,2},{1,3},{2,3} A
1 3

and its spectrum is

Spec® Ma = {{z1}, {2}, {23}, {w1, 22}, {21, 23}, {22, 23} }

From what we did above, we know that the cohomology groups are H? = 0 and H! = Z3.
In this case we have a nice explicit description of the elements of H' with Ma-sets that

are invertible on the punctured spectrum.? Indeed, they have a global description as

Recall that an invertible M-set S on an open subset U is such that § is invertible as a O, -sheaf on
U, see Definition 1.52 for the latter.
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M A-sets of the form

e1 + axy = eg + by,
S=|e1ez,e3| el + cxs = e3 + duy,

es + ex3 = ez + fxo

with a, b, ¢, d, e and f natural strictly positive numbers (so they yield global objects).
For all z;’s we have S;, = (ei)MAx_, so for every choice of (a,b,c,d, e, f), the Ma-set S
is invertible on the punctured speétrum.

To study the isomorphism classes, we focus on x; and x2 and then other cases will
follow similarly, thanks to the symmetry of the problem.

We have isomorphisms M, = S,,, where ex = e; + axy — bx1, e3 = e1 + cx3 — dz, so
it is clear that we need b and d strictly positive in order to compute these localisations.
Similarly we have that M,, = S,,, that gives us other positivity conditions on the

coefficients. When we intersect, we have that the second localizations are equal

(Sml)m = Pzi+xe — Protzy — (S-'E2);E1
and we can draw the following diagram

M, —=— S,

\\//

SE1+I2 — Sm1+:r2 — M22+IE1

O\W/al‘z — bxy

By symmetry we now know that locally, on the double intersections, we have the

relations

D(z1) N D(z2) | e1 = ea + bxy — axy
D(xl) N D($3> e1 =e3+dr| — cxs
D(x9) N D(x3) | e2 = ez + fxa — exs

Now, since every cocycle in H! represents a local isomorphism ¢ of the vector bundles,
we can try to express these relations by studying the cohomology.

Thanks to symmetry, we can concentrate on one particular variable, say x1, and study
O3, . The link of 1 in the complex is {&, {2}, {3}}. This gives us the chain complex for
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reduced simplicial cohomology!?

Caen1) : 77 2L 7 g 73 2%,

a— (o, )
Thus inducing the relation in H!

(B1, B2) ~ (B1,B3) <= P — P2 = B1 — By

When reporting this back to the original simplicial complex, this means that two Ma-
sets S and S’ are in the same isomorphism class if the coefficients of z; in the face
{1,2} and {1, 3} have the same difference.

So, such class ¢ € H' corresponds to the 6-uple (b, —a,d, —c, f, —e) of coefficients up
to the equivalence relation given by the subgroup («a, 3, v, v, —f,7).

So, all the possible Ma-sets invertible on Spec® M are of the same form as S, varying
the parameters (a,b,c,d, e, f) with isomorphism given by the relations stated above.

To explain more clearly, consider another invertible Ma-set

/ /
e1+axy=ex+bx,

/ / !
S = |e1ez,e3| e +xg=ez+du,

! !
es+e'w3 =e3+ oo

Then S’ = S if and only if

b—d=V —d a—f=d —f c—e=c —¢.

*
1)

6
HI(O;I) = 7, as the subgroup of Z/Zg generated by (1,b,1,d,1,1). Similarly for o
the subgroup is generated by (a,1,1,1,1, f) and for 23 by (1,1,¢,1,e,1).

We can see the line bundles that correspond to the vertex z; in the cohomology of O

2.4.6 The star graph

Consider the simplicial complex on V' = [n] with facets {1, k} for any k = 2,...,n, and

no other facets

OHere @ on Z is an index, the object Z2 is not the set of maps, that would be empty.
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{@,{1},{2},{3},...,{@} ! ’
{1,2},{1,3},...,{1,n} :

n
From above we know that H? = 0 and H' = Z"2. We can use an argument similar

to the previous example to show that the line bundles can be globally represented by
M-sets of the form

el + x9 = ez + asxy,

e1 +x3 = ez + azxy,
S = €1,€2,€3,...,€n 3

€1+ Tn = en + anty

with ay, a strictly positive integer. It is easy to check that on any D(z;), Sy, is generated
by e;. The intersections D(z;) N D(z;) are empty if and only if at least one of ¢ and j
is different from one. Assume that ¢ = 1, then over D(z1) N D(z;) = D(x1 + x;) the

cohomology class is given by a;z1 — ;. In particular, we can easily see how

1

1~ pn—2 ~ 2"
w2,

where AZ is the diagonal. We can understand this if we think of adding (A, A, ..., )
as a scaling of the variables by the same factor, i.e. S, defined by (aq,...,a,) and
S’, defined by (bs,...,b,), are isomorphic if and only if (ag,...,a,) — (ba,...,by) =
(A,...,A) ez L

So, the cohomology classes are generated by the elements (0,...,0,1,0,...,0), but if
we pick a; = 1 and a; = 0 for j # ¢, the M-set

el +x2 = e2,

e1 + xr3 = es,

S=|eee3,...,6, = (e1,e; | er1 +x; =€ + x1)
e1t+x;=¢6 +x

e1+x, =ey
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does not define a line bundle because, for example, it is not trivial on D(z2). So, a
representation of the generators is given by (1,1,...,2,...,1), that is clearly in relation
with (0,0,...,1,...,0), but the latter does not define a line bundle.

Moreover, since smashing line bundles corresponds to adding the classes of the vectors
(ag,...,a,) in H!, we get that S A S’, restricted to the punctured spectrum, is given

by (a2 + ba,...,an + by), where all this a;’s and b;’s are strictly positive.

2.4.7 Our favourite Example

Let us go back one more time to our favourite Example 2.50

@,{1},{2}, {3}, {4}, 2
A= {1,2),{1,3},{2,3}, {3,4} A/‘l
{1,2,3} 1 3

with simplicial binoid
Ma = {$1,$2,$3,$4 | Tr1+ T4 =00,T2 + T4 = oo}

of which we computed the simplicial binoids of the links of the vertices in Example 2.32

2
2,{2},{3},
Ika(l) = { (2.3) } \ My, 1) = (22,23 | 9)
3
{1}, {3}, oo
Ika(2) = { .3} } 1 3 My, (2) = (1,23 | @)

2 Z1,T2,T4

e e , I B
Ika(3) = { w12} } 1 / My, 3) = | 21+ 24 = o0,

To + Ty = 00

ka(4) = {2, {3}} 3 My, 1y = (3| @)
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Their reduced simplicial cohomology complexes look like

CleA(1) :

Clia(2)

Clca(3) :

aka(‘l) :

7?2 — 722 oz — 7023 0
a—— (o, )

(g, a3) —— —aa + a3

7?2 — 7zt — 703 0
a—— (o, )

(a1, 03) —— —a1 + a3

72 — 5 78 @ 782 ¢ 7 {4} 71,2}
a—— (o, @)

(alv aQ, Ck4) — —(] + Q2

7? — 73 — 0

A

So we have the cohomology groups

HY ()

Chen() Cia@ Cka® Cikaw)

0 0 0 0
A A 72 4
0 0 0 0

and we can apply the formula in Theorem 2.53 and its specialization of Corollary 2.54

to obtain the cohomology groups for the Cech-Picard chain complex

H°(Spec® M, 0*) =7Z° =0
H'(Spec® M, 0%) = z(F1+2+0)-4 _ 71
H’(Spec® Mp,0*) =0 for j > 2

A generator of the group H! is given by the ideal I = (x1,z2,74), and we can easily

see that locally I, = M,, for any variable.

The inverse of I in Pic'°® Mx is its dual IV, as in general for ideals.
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2.4.8 An example with torsion cohomology

We know already that H? and H! are always free groups. Consider the following well-

known minimal triangulation of P%

with 6 vertices, 15 edges and 10 faces. Now we extend it to obtain an example with
torsion cohomology. To do so, we add one new vertex to every face of the previous
triangulation and then we close it under the subset operation. We obtain the following

complex

2, {1}, {2}, (3}, {4}, {5}, {6}, {7},

{1,231, 3}, {1,4},{1,5}, {1, 6}, {1, 7}, {2, 3}, {2, 4}, {2, 5}, {2, 6},
{2,73,{3,4},{3,5},{3,6}, {3, 7}, {4,5}, {4, 6}, {4, 7}, {5, 6}, {5, 7}, {6, 7},
{1,2,4},{1,2,5},{1,2,7},{1,3,5}, {1, 3,6}, {1, 3,7}, {1, 4,6}, {1,4,7},
{1,5,7},{1,6,7},{2,3,4},{2,3,6},{2,3,7},{2.4,7},{2,5,6},{2,5, 7},
{2,6,7},{3,4,5},{3,4,7},{3,5,7},{3,6,7}, {4,5,6}, {4,5,7}, {4,6,7},{5,6, 7},
{1,2,4,7},{1,2,5,7},{1,3,5,7},{1,3,6,7},{1,4,6,7},
{2,3,4,7},{2,3,6,7},{2,5,6,7},{3,4,5,7},{4,5.6,7}

that, from a geometrical point of view, corresponds to (a triangulation of) a cone over
PZ.

We have 7 simplicial complexes given by the links of the points. The first 6 are iso-
morphic to each other thanks to the properties of the projective space (they are trian-

gulations of fundamental affine open subsets of this cone) while the 7th is nothing else
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than the triangulation of the projective space we started with.

2, {2}, {3}, {4}, {5}, {6}, {7},
Ika(1) = {2,4},{2,5},{2,7},{3,5},{3,6},{3,7},{4,6},{4,7},{5,7},{6, 7},
(2,4,7},{2,5,7},{3,5,7},{3,6,7}, {4,6,7}

@, {1}, {3}, {4}, {5}, {6}, {7},
Ika(2) =9 {1,4},{1,5},{1,7},{3,4}, {3,6},{3,7}, {4,7}, {5,6}, {5, 7}, {6, 7},
(1,4,7},{1,5,7},{3,4,7},{3,6,7}, {5,6,7}

2, {1}, {2}, {4}, {5}, {6}, {7},
ka(3) =9 {1,5},{1,6},{1,7},{2,4},{2,6}, {2, 7},{4,5}, {4, 7}, {5, 7}, {6, 7},
(1,5,7},{1,6,7},{2,4,7},{2,6,7}, {4,5,7}

{1,2},{1,63,{1,7},{2,3}, {2, 7}, {3,5}, {3, 7}, {5, 6}, {5, 7}, {6, 7},

@, {1}, {2}, {3}, {5}, {6}, {7},
lka(4) =
{1,2,7},{1,6,7},{2,3,7},{3,5,7},{5,6,7}

{1,235, {1,3},{1, 7}, {2,6}, {2, 7}, {3,4}, {3, 7}, {4, 6}, {4, 7}, {6, 7},

@.{1},{2}, {3}, {4}, {6}, {7},
Ik (5) =
{1,2,7}4,{1,3,7},{2,6,7},{3,4,7},{4,6,7}

{135, {1,4},{1,7},{2,3},{2,5},{2, 7}, {3, 7}, {4, 5}, {4, 7}, {5, 7},

o, {1}, {2}, {3}, {4}, {5}, {7},
lka(6) =
{1,3,7},{1,4,7},{2,3,7},{2,5,7},{4,5,7}
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2, {1},{2}, {3}, {4}, {5}, {6},

{1,235, {1, 3}, {1, 4}, {1, 5}, {1, 6},{2, 3}, {2,4}, {2, 5}, {2, 6}, {3, 4},
Ika(7) = $ {3,5},{3,6},{4,5}, {4,6}, {5,6}
{1,2,4},{1,2,5},{1,3,5},{1,3,6}, {1,4,6},
{2,3,4},{2.3,6},{2,5,6},{3,4,5}, {4,5,6}

In particular, it is really easy to compute the cohomology of the Cech-Picard chain
complex of A\, since reduced simplicial cohomology of the above smaller complexes is

well known

ka(i) Tka(7)
H')| o 0
HO(-) 0 0
H'(.) 0 0
HX() | 0 Loy

So we have that HO(Ca) = HY(Ca) = H2(Ca) = 0 but H3(Cp) = Z/QZ and we obtained

torsion cohomology, as expected.

2.5 The Picard group of an open subset of Spec M

Recall from Definition 1.131 that we defined the divisor class group of a general binoid
to be Pic(W), where W is the set of prime ideals of height at most one. Obviously if
dim A <1 then W = Spec® Ma, so we already computed it above.

In what follows, we consider an arbitrary dimension of the simplicial complex, and we
will see that without strong assumptions, like in the next Proposition, we have little
hope to find an easy description of Pic(V') for some open subset V' of Spec M and
even of the simpler CI(Ma).

Proposition 2.68. Let A\ be a pure simplicial complex of dimension m.'* Let W be

the subset of Spec M of prime ideals of height at most 1. Then W can be covered by
{D(G)}aenn, -

Proof. Thanks to the correspondence between prime ideals and faces, we know that the
prime ideals of height zero correspond exactly to the facets, all of dimension m thanks
to the pureness of the simplicial complex, and so the prime ideals of height 1 correspond

to all the faces of dimension m — 1. Thanks to Proposition 1.21 we know that each of

1 Recall that a simplicial complex is pure if all its facets have the same dimension.
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this prime ideals is minimally covered by only one open subset. Let x1,...,z, be the
generators of Ma, let p be a prime of height 1 and assume without loss of generality
that it corresponds to the face G = {x1,...,2n} € Apm—1. The minimal open subset
covering it is then D(z1 + -+ + x,) = D(G). O

Thanks to the correspondences proven in this Chapter, it is easy to prove the next

result.

Proposition 2.69. Let F' be a face of dimension k in a simplicial complex I\ of di-
mension m and let p be its corresponding prime ideal. Let h be the mazximal dimension
of a facet that contains F. Then ht(p) = h — k.

Proof. An increasing chain of prime ideals that has p as maximal element, corresponds
to a decreasing chain of faces that has F' as minimal element. Clearly the facet with
the maximal dimension that contains F' gives the longest chain, that has length exactly
h—k+1,s0ohtp=h—k. O

Example 2.70. Let us continue with our favourite Example 2.50

2, {1}, {2}, {3}, {4}, 2

A=< {1,2},{1,3},{2,3},{3,4} A/4

{1,2,3} 1 3

and recall that its spectrum is the poset

<$1,IE2,CB3,CE‘4>
_— /N T
(1,22, 23) (T1,22,24) (T1,%3,%4) (T2, 3, T4)
SpeeMa= | _~ | > >

(1,22)  (w1,m4)  (T2,m4)  (T3,74)

The prime ideals of height 0 correspond to the facets of the simplicial complex, so they

are

XO = {(2a), (w1, 22)}
and the prime ideals of height 1 are

XW = (a1, w9, x3), (x1, T4), (T2, T4), (3, 24)}
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so the minimal cover of W is
YV = {D(.CC4), D(JIQ + 173), D(ﬂfl + xg), D(:Ul + :EQ)}
The intersections of these open subsets are

D(z4) N D(x; + $j) =g, Vi,j#4
D(xi +2;) N D(x; +x) = {(va)}, Vi #k
D(xo + x3) N D(x1 + x3) N D(1 + x2) = {(24)}

so the Cech complex that we have to consider is

74 g 7423} @ 713} g 7{12) &

Since we know that we can decompose O}, in the direct sum of Oy ’s, we can decom-

pose this chain complex into the direct sum of the chain complexes

withi=1,...,4.

The groups in these smaller complexes are
é? =7%= {(Ufl’Q},Ufl’?’})} 53 =7%= {(Jél’z}, 052’3})}
-2 {(0 ) @-a ()

but for higher degree we have to be careful, because any face con be represented many
times. Here {1, 2,3} has to be taken in account 3 times for él, so for clarity we index
it with a subscript a, b or ¢, that correspond to the intersections D({1,2}) N D({1,3}),
D({1,2})n D({2,3}) and D({1,3}) N D({2, 3}) respectively.

0= = { (o1 o o))
N (G R )
0 =8 = { (oA o3 1))

=0
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for C2, the face {1,2,3} has to be taken in account only once, so we get

ct=2={(o{"))
=z {(o4"))
=2 {(o417))
C?=0

{x}

where all the o,/ are integer numbers.

Now that we split the groups, we turn to the maps. We start with 9°

("2, 03", (o o), (02, o), (o)) —2

(Uil,i%} . Ui{l’Q}, _051,2}, U?{)l,?)},
. {1,2} 052,3}_051,2}, 03{)2’3},
1,3 2,3 2,3 1,3

—oi{ }’ o4, a2 ()

That we can split as the sum of

80
Z«l{l,Q} EBZF,I&} 1 {1 ,3} EBZ{l ,3} @Zi{l,Q,?)}

(o_i1,2}7 O_il,S}) (O_il,S} . O’i{l’2}, 70{1,2}7 *0}1’3})

and the equivalent diagrams for the vertices 2 and 3.
We look at the map 0! only in the simpler case when we concentrate on the vertex 1.

This map looks like
Z{123}@Z{123}@Z{123} Z{123}
1,2,3 1,2,3 1,2,3 1,2,3 1,2,3 1 12,3
(1129, 611231 1 })%@a ot g i)

So we recover that we can describe the original complex as a direct sum of the smaller

ones, like we proved in general above. N

Definition 2.71. Let A be a simplicial complex and let {G;};er C A be a subset of the
faces. The crosscut complex of {G;}icr in A is the simplicial complex CCC({G; }ier, A

on vertex set I such that

o @€ CCC{G:Yier, D),
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o forany J C I, J € CCC({Gi}ier, A) if and only if | J Gj € A,
jed

This definition is a special case of the more general crosscut complex of a join-semi-
lattice, where we see {G;}icr as generating a sub-lattice of A’ = (AU{V}, U, @, V).
The interested reader might refer to [B6t15, Section 6.4] for more details on AS and
to [Bjo95, Section 10] for more applications of the crosscut complex.
It is worth noting the similarity between the definition of the crosscut complex and the
nerve of a covering, given in Definition 2.14, where we use the intersection instead of

the union.

Remark 2.72. Clearly if {G;} is the set of vertices {v},ev of A, then
CCC({Gitier, &) = A.

The following Proposition generalizes Corollary 2.15.

Proposition 2.73. Let {D(G;)} be a collection of fundamental open subsets of Spec M .
Then nerve({D(G;)}) = CCC({G,}icr, D).

Proof. From Proposition 2.12 and Definition 2.14 we know that D (U Gj) #+ o if
and only if U Gj € A, and the latter is true if and only if J € Cccj(e{éi}ie_[, A) by
definition. < O
Recall from Lemma 2.16 that any open subset V of Spec® M can be minimally covered

by some D(F}) corresponding to maximal primes in V.

Theorem 2.74. Let V be an open subset of Spec® M a with mazimal primes po, - .., Pr.
We can compute the cohomology of Oy, v through Cech cohomology using the minimal
open covering ¥V = {D(Fy),...,D(F,)} defined in Lemma 2.16. In particular we have
that

CH(, Oiy,) = i,

JE(CCC({F;},2)),

Proof. Since ¥ is a covering of V with affine open subsets, it is acyclic for any sheaf of
abelian groups, in particular for (’)}“MA, so we can use it to compute its cohomology.
Thanks to Proposition 2.73,

ﬂ D(Gj) # @ if and only if U G; € A if and only if J € CCC({Fi}, A)
JjeJ JjeJ
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and, thanks to the results in Theorem 2.41, for J € CCC({F;}, D),

07\4& (ﬂ D(Gj)) = O}kwA (D (U Gj)) o~ ZUJ'EJGJ'7
jes jeJ

where we use again the notation introduced at page 59. O

Corollary 2.75. If A is pure of dimension m, Ny—1 = {F1,...,E.} and W is the set

of primes of height at most one, then

cwone P = H zm

FEAm—l FEAm_l
owonE @ wemx @ oz
FUU“'UFJ'EAm F()U“'UFjGAm

for1 <j<m andej(W,O}"w):OforanyjZm+1.

Proof. The first part is clear from the Theorem above, so we have just to prove that
¢ (W,0%,) =0 for any j > m+1. Let G be a facet of dimension m, so its cardinality is
m+1. There exist m+1 faces in G that define primes of height one, namely we remove
one vertex at a time from G to obtain them, call them {F;}. These define open subsets
that cover part of W, namely V(G)NW, so in the chain of intersections between these
open subsets that give rise to the cochain complex above, we have that €/ v@nw is
determined by the intersection of j + 1 of these {F;}. In particular, C"™ is determined
by the intersection of all the F;’s and Ci = 0 for every 7 > m + 1 because we have

nothing to intersect more. O

Proposition 2.76. Let A\ be any simplicial complex of dimension m. Then
¢/ (W, 03) =0
forany j > m—+1.

Proof. We can use the same proof as for the Corollary above, where we select G to be

a facet of maximal dimension. O

Remark 2.77. Since we are still talking about units of localizations of M, it is easy to
see that again these groups can be split, together with the maps, into groups regarding

one vertex at a time, and so also the Cech complex can be again split into smaller ones.



2.5. THE PICARD GROUP OF AN OPEN SUBSET OF Spec Ma 86

Example 2.78. Let /A be the pure simplicial complex of dimension 2 on 5 vertices

2, {1}, {2}, {3}, {4}, {5}, 3 5

L s 2s), I><I
) (1,43, {1,5), {4,5), 1

2 4
{1,2,3},{1,4,5}
Then the primes of height at most one are
374’5’ 27475’ 17475’
VCRNTORCE ) SO S |
(2,3,5),(2,3,4),(1,2,3)

W is then covered by

Y {D({l,2}>,D<{1,3}>,D<{2,3}>,}
D({1,4}), D({1,5}), D({4,5})

and the chain complex looks like

w05 = P z¥
FelA
Z{172} D Z{l’?’} D Z{273}

D Z{174} D Z{175} D Z{4)5}

1

W0 = @z

FoUF1EA
(Z){I,Q}U{I,Z’)} ® (Z){1’2}U{2’3} ® (Z){I,S}U{Q,Zﬂ}

1

® (Z){IA}U{LS} ® (Z){1’4}U{4’5} ® (Z){1’5}U{4’5}
(Z){1’2’3} @ (Z){1’2’3} @ (Z){1’2’3}
@ (Z){1’4’5} @ (Z){1’4’5} e (Z){1’4’5}

1

CV2(VV, OTM) o~ @ (ZQ)FOUF1UF2
F()UF1UF2€A2
~ (7)12VLB0023) g (7) (L4100 510145}

~ (Z){1’2’3} @ (Z){1,4,5}
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and then, whenever we try to unite 4 faces, we end up outside of the facets, so the
higher groups are all trivial.

As we said, since we are looking at the restriction of the units sheaf of Ma, we can
concentrate on the single vertices and look in more details at the complex é;(W, O3)-
Thanks to the symmetry of the problem, we can treat 2,3,4 and 5 similarly and then

it will suffice to add the results. 1 is a particular case, and we start from it.
aw.oi) = @i o @7 e @™ e @)1

ClW,0%,) = (Z ){1 210{13} (Z ){1 210(23) o z ){1 310{2,3}
o (Z ){1 AYu{1,5} o (Z ){1 AYU{4,5} o (Z ){1 5}U{4,5)

Let us start from 89 : C? — Cl. Let (a,...,aq) € CY(W, O%,;). Then
N(ar,..., ) = (a1 + ag, —a1, —a9, —az + ay, —a3, —ay)
that is clearly injective, so HY(W, O%,;) = 0, and has image
m(d7) = {(Br,- .., B6) € C1(W,O3) | B2 = B1 + B3, B5 = Ba + Po}.
What about 8] : C} — C37 Let (B4, ...,86) € C}(W,0%,). Then

(B, Bs) = (B1 — Ba + B3, Ba — Bs + Bs)

that is clearly surjective, so H (W, O%,;) = 0, and has kernel

ker(91) = {(B1,- .., Bs) € CL(W,O%) | B2 = B1 + B3, Bs = Bu + Bo}

Since ker 8f = im 8) we have that Hi (W, O%,) = 0.

When we concentrate on another vertex, say 2, we get a situation similar to the vertex
2 in Example 2.70, for which we already showed the maps. It is easy to see that also
in this case H3(W,O%,) = 0 so, by the symmetry properties of the problem, we can
conclude that Pic(W) = 0. q

Morally, what happens in the previous example is that the intersection between sim-
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plexes happens in codimension 2 (at a point), and this does not provide elements in

the Picard group.

Proposition 2.79. Let A\ be a pure dimensional simplicial complex of dimension m
with (m — 1)-dimensional faces {F;}. Then we can again relate sheaf cohomology on

W and simplicial cohomology, and prove this vanishing result
(W, 03,,) = B (COC({F}}, &), 2™)

for all j > 2.

Proof. Thanks to Corollary 2.75 we know that the image of the sheaf on D(F;,) N
--- N D(F;;) is the constant sheaf 7™+ provided j > 1. Thanks to Proposition 2.73,
D(F;,)N---ND(F;;) # @ ifand only if {vp, ;... ,vpij} is a face in the crosscut complex,
so the groups in the cochain complex are the same on the right and on the left for any
j > 1. Moreover, thanks to Corollary 2.15, we can relate the covering of W to the

covering of Spec®(Mccc({F;1,n)) in a very easy way, since
nerve({D(F;)}) = CCC({F;}, ) = nerve {vp, }.

Finally, thanks to Theorem 2.18, we have that
C*(Spec® (Mcco(ipy,n)), Z™) = CH(CCC{F}, A), Z™)

for any 5 > 0. When we take cohomology in degree higher of equal 2, we get the

isomorphism. O

The previous proposition cannot be extended to degree 0 or 1, because HO = kerd°,
1 ker 9!

H = /1m(
is not part of the complex used to compute simplicial cohomology with coefficients in

a°) but C° is the product of some Z™’s, not Z™*!’s, so the map 9"

Z™+1 and this leaves out exactly the first two cohomologies. The next results show,

indeed, that these are actually the only non trivial ones.

Lemma 2.80. Let V be any subset of Spec Ma of dimension k. Then
H/(V,03;,.) =0,

forall j > k+1.
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Proof. By the vanishing Theorem of Grothendieck, [Gro57, Theorem 3.6.5], we obtain

our thesis.!2 O

Corollary 2.81. For all j > 2,
H/ (W, 03,) = 0.

Proof. Since W is the set of primes of height at most 1, it has dimension 1 and from

the previous Lemma we get the result. O

Remark 2.82. The previous Corollary leaves out j = 0,1, and it shows clearly that it

might be hard to compute the divisor class group, even in simple cases.

Example 2.83. Let A be the simplex on V = [n + 1. Then M = (N**1)> and
CI(MA) =0. <

Proposition 2.84. Let A be a pure simplicial complex of dimension m whose (m —1)-
dimensional faces are Npy—1 = {Fo,...,F.}, and let A" be the crosscut complex of
these faces in A\, AN = CCC({F;}izo,...r, A). In order to compute H*(W, 03, ) and

HY (W, (’)}"VIA) it is enough to consider the cohomology of the smaller chain complex
m _ 0° m—+1 _ 0! m+1 _ 02
o—Ppzr— p zm'—— G z"' =0
vEA {vo,vm1}e] {vo,v1,v2}€A]

where the maps are the usual maps that arise when restricting the units to smaller

subsets in Spec M.

Proof. This result is trivial thanks to Corollary 2.75 and the definition of the crosscut

complex. 0

12Recall from Remark 2.57 that the combinatorial dimension is the maximum length of strictly decreasing
chains of closed subsets.
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Chapter 3
From Combinatorics to Algebra

In this Chapter we investigate some relations between the local Picard group of binoids
and the local Picard group of binoid K-algebras. We will address the problem by
trying to understand how the sheaf of units behave on the combinatorial side and on
the algebraic side, and if there is any relation between O},(U) and Ok (] (V') for some
U C Spec M and V C SpecK[M] that have a common description. We are going to
recall some functors between binoids and rings, M-sets and K[M]-modules, and sheaves.
In general the sheaves will be different, because the algebraic side will depend on K,
and so the cohomologies can be different too. Maybe some will vanish on one hand but
not on the other, maybe it depends on the field, maybe not. We will address some of
these behaviours in this and in the next Chapter.

In what follows, when we say scheme, we always refer to a subscheme of an affine
scheme Spec R of some noetherian and finitely generated K-algebra R. This will save
us to repeat every time some hypothesis that we would assume anyway, like separateness
and noetherianity.

For simplicity, with K we denote any field and we always consider K-algebras, but many

results presented here are true for a wider class of base rings.
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3.1 Injections between Spec M and Spec K[M]
The faithful functor!

K[ ]:Binoids —— Rings

M — K[M]

(3.1)

induces other functors of spectra, sheaves and then cohomology groups, that we are
going to exploit in what follows. We note that this functor is only faithful. It is neither
full, essentially injective nor surjective.

The second functor that we want to consider is between finitely generated M-sets and

finitely generated K[M]-modules:

K[ ]:M-Sets —— K[M]-Modules
S  —— KI[S]

(3.2)

where K[S] is the free K-module on S ~\ {p}, where p is the special point of S, together
with the natural action of K[M]. It is easy to see that this functor is again faithful.

Lemma 3.1 ([B6t15, Corollary 3.2.8]). The functor K[ | respects localizations, i.e. let
E be an additive subset of M, that defines the multiplicative subset E = {T% | a € E}
of K[M]. Then K[Mg] = E "K[M].

From now on, assume that M is torsion-free up to nilpotence and cancellative.

Lemma 3.2. If M is a torsion-free up to nilpotence, integral and cancellative binoid,

then K[M] is an integral domain.

Proof. Under this conditions, the map M — I' is an injection and this injection reflects
on the rings, K[M] < K[I'].2 Moreover, I' 2 (Z")* for some 7. Since K[(Z")*] is an
integral domain, also K[M] is such. O

Lemma 3.3. p is a prime ideal of M if and only if B = K[p] is a prime ideal of K[M].

Proof. < trivial, since K[p] N M = p.
= P is prime if and only if K[M ]/;B is an integral domain. We know that K [M/ I} =
K[M ]/K[ 1] for any ideal, and M/p is integral because p is a prime ideal. We can apply

the Lemma above and get the result. O

! Recall that a functor F : C — D is faithful (resp. full) if for any two objects X,Y € C, the induced
map Fx,y Home(X,Y) — Homp (C(X),C(Y)) is injective (resp. surjective).
F is essentially injective (resp. essentially surjective) if it is injective (resp. surjective) on the objects.
2 See Definition 1.60 for a definition of T.
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The functor (3.2), together with Lemma 3.3, gives rise to an injection of sets

i : Spec M —— Spec K[M] (3.3)

p —— Kip|

Lemma 3.4. i is a continuous map between the two spaces equipped with the respective

Zariski topologies.

Proof. Tt suffices to prove that the preimage of a fundamental open subset D(F') is an
open subset in Spec M. Indeed, i~} (D(F)) = {p € Spec M | F ¢ K[p]}.

Let F' =37 cpra T Then F € K[p] if and only if supp /' C p. So F' ¢ K[p] if and
only if there exists p € supp F' such that p ¢ p. This happens if and only if p € D(u).
So

i(oE)= | D). O

peEsupp F
Remark 3.5. 7 is not a closed injection.

Lemma 3.6. For any non empty open subset @ # U C SpecK[M] the intersection
U Ni(Spec M) is non empty.

Proof. If M is integral then (0) =i({o0)) € U. If M is non integral, consider a minimal
prime ideal P € Spec K[M]. Then P = i(p), see [Bot15, Corollary 3.3.5]. Thanks to
the correspondence between prime ideals in K[M] that contain 8 and prime ideals in
K[M ]/;B and thanks to the fact that KM ]/;B is integral, we can apply the previous

case and obtain our result. O

What about sheaves? Since the map in (3.3) is continuous, we can pushforward a sheaf
from the combinatorial spectrum to the algebraic spectrum

K[ ]: Gheavesgye. py — Sheavesgy ki (3.4)

F —— K[F] =i, T

Remark 3.7. If % is a sheaf of M-sets (resp. sets, abelian groups, ...) on Spec M,
then K[.#] is a sheaf of M-sets (resp. sets, abelian groups, ...) on Spec K[M], because
K[Z](U) = Z(i~Y(U)) by definition of the pushforward .

This restricts in a natural way to the punctured situation we are mainly interested in.
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The next step is to say something more explicit about the relation between the corres-

ponding topologies. The injection (3.3) induces a functor between the two topologies

K[ ] : TOpSpecM EE— TOpSpecK[M]

D(I)  —— D(K[I])

(3.5)

Thus this functor maps affine open subsets of the form D(I) to affine open subsets of
the same form, namely D(K][I]), inducing another topology on Spec K[M], coarser than
the Zariski topology, that we exploit in detail below.

Definition 3.8. The covering D(X;) of Spec® K[M] is called affine combinatorial cov-

ering.

Indeed, the image of this functor gives rise to a new topological space
(Spec K[M} ) K[TOpSpec MD’

subspace of (Spec K[M], Topspeck(ar))- In some situations, like in the Stanley-Reisner
rings in the next Chapter, we are able to show that this last topology is fine enough
for us, in the sense that these open sets are acyclic for OH*{[M] and so we can com-
pute cohomology of this sheaf through Cech cohomology on a nice finite combinatorial
covering induced by this combinatorial topology K[Topge a]-

Via i and K[ | we obtain also an identification of the finite topological spaces

(Spec M7 TOpSpecM) — (i(spec M)7K[T0p8pecM] ri(SpecM))'

The topology on the right is the same as the one induced on these points by the

restriction of Topgpec (a7, S0 we have that

(i(spec M)a K[TopSpec M] ri(Spec M)) = (i(spec M), TOpSpec K[M] Fz‘(Spec M))

is a subspace of (Spec K[M], TOpSpeCK[M])'

Definition 3.9. Let I be an ideal in K[M]. We say that I is combinatorial if I = K[I]
for some I ideal of M.

Remark 3.10. Any combinatorial ideal is monomial.

Definition 3.11. Given a prime ideal B € K[M] we denote by P™°" the ideal of
K[M] generated by the monomials in 9B, and by ™" the ideal in M such that

(’Bmon — K[mcomb] .
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Remark 3.12. The ideal B™°" is clearly combinatorial.

Remark 3.13. Every monomial G € P™°" corresponds uniquely to an element ¢ in
PP 5o we will abuse the notation and say that ™P = 3 N M. Moreover, P

is a prime ideal in M.

Lemma 3.14. Let P = Y a;P; € K[M] with P; monomials. Then i~'(D(P)) =
UD(pj), where p; is the element in M corresponding to the monomial P; (i.e. the sum

of exponents).

Example 3.15. Let M = (z,y |  +y = o). Let P = 2X +4Y? € K[M]. Then
D(P)={PB | P ¢ B} and D(P) Ni(Spec M) = {{X),(Y)} = i(D(y) U D(z)). <

All the above restricts naturally to Spec® K[M], the punctured situation we are inter-

ested in.

Definition 3.16. We denote by Spec® K[M]| the punctured spectrum of K[M], i.e.
Spec® K[M] := Spec K[M] ~ {K[M4]}.

In local cohomology one defines the punctured spectrum for a local ring, when we
remove the maximal ideal, for example in [ILLT07, Definition 15.3]. Here we don’t
have in general a local ring, but the maximal ideal K[M] is special enough to consider
it differently from the others. If the binoid ring is N-graded, K[M] is the irrelevant
ideal, and this will often be the case in our work.

We will be interested in computing the cohomology of some sheaves, both on Spec K[M]
and on its punctured version. It is a known result that H'(X, O%) is the Picard group
of X, i.e. the group of invertible O x-sheaves on X, for any ringed space (X, O0%), see
for example [Har77, Exercise I11.4.5].

Definition 3.17. Let K[M] be a binoid ring. Its local Picard group is the Picard group

of the scheme

(Spec® K[M], Ok [spece K[m1)
and it is denoted by Pic!¢(K[M]).

The adjective local that we are using is motivated because what we are doing is looking
at that happens around the special point K[My], and then we might think of the

long exact sequence of cohomology groups in [Har77, Exercise 111.2.3.(e)] that relates
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cohomology with support in the point to the cohomology of the punctured spectrum.
The hope is to understand something about Spec® R in order to better understand what
happens in the special point.

In general, K[M,] will be a singularity, and it goes a while back the idea of study
a singularity by removing it and see what happens around it. Trivially, K[M] is at
most an isolated singularity if and only if Spec® K[M] is be smooth. Another classical
example where we remove a point in order to study it is the famous theorem published
by Mumford in 1961.

Theorem 3.18 ([Mum61]). Let P be a point lying on a normal complex projective
variety X of dimension 2. P is smooth if and only if m (X ~ {P}) = 0.

3.2 The Combinatorial Topology

In this Section we describe a new topology on Spec K[M] that we call combinatorial,
and we will prove that in some cases this topology is sufficient to compute cohomology

of the sheaves defined in the Zariski topology.

Proposition 3.19. The collection of sets {D()} with 2A a combinatorial ideal is a
topology on Spec K[M].

Proof. D({0)) = @ and D((1)) = SpecK[M]. D(A)ND(B) = D(2A-B), and the latter
2(;) and the latter is

again monomial. ]

is monomial (so combinatorial) again. Finally, |J; D(2;) = D(>_;

(]

Definition 3.20. The topology {D(2()} is called combinatorial topology of Spec K[M]

comb

and it is denoted by TopspeCK[ M-

Corollary 3.21. The collection of sets {D(P)}, with P a monomial in K[M], is a

basis for the combinatorial topology.

Proof. These sets form a basis for a topology on Spec K[M] because D(P1) N D(P») =
D(P; - P;). To prove that they generate the combinatorial topology, we first observe
that D(P) = D((P)) was already part of the basis of the combinatorial topology. On

the other side, D(2) = U D(P), so we can generate the basis before with these

Pemcomb
new open subsets. O

Remark 3.22. If P = o] X;* with all r;’s non zero, then D(P) = N D(X;), so
{D(X;)} generate this topology via union and intersections, but it is not a basis because

the intersection of any two of them does not contain one of the same type.
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Example 3.23. Let M = N*°  so K[M] = K[X]. The combinatorial topology of
Spec K[M] is given by D(0) = @, D(1) = Spec K[M] and D(X). q

Remark 3.24. The combinatorial topology is, in general, a really coarse topology,
since Spec K[M] equipped with it is not even Ty. In fact, two points P and Q have
exactly the same combinatorial neighbourhoods if and only if they have the same set

of monomials, Pmon = Qmon,

Remark 3.25. The combinatorial topology is a topology for Spec K[M], that is a
subtopology of the Zariski topology, so we can restrict Zariski sheaves to combinatorial

open subsets, and they are still sheaves for the new space.

Remark 3.26. We have indeed this diagram

Spec M —*— Spec K[M]zar

T

Spec K[M]comb

where A is the identity, ¢ is the injection that we proved to be continuous in Lemma 3.4
and j is the embedding to the space with the combinatorial topology, that is again
obviously continuous.

The restriction in the previous remark is nothing else than the pushforward along .
Given any sheaf .# on Spec K[M]z,,, we get a sheaf \..# = .7 |1, and in particular
also A\« (i.O%)) = 7:O0%y-

Definition 3.27. Let .# be a sheaf on Spec K[M] equipped with the Zariski topology.
We denote by .Z°™ the restriction of this sheaf to the combinatorial topology.

Lemma 3.28. For any sheaf of abelian groups % on SpecK[M| equipped with the
combinatorial topology and any B prime ideal of K[M] we have that

12

yﬁp gK[ﬁpcomb] .

Proof. B and K[P°™P] have the same combinatorial neighbourhoods, i.e. P € U €
Top®™ if and only if K[°™P] € U € Top®™P. O

Lemma 3.29. K {(Zl)oor ~K*qpZ.

Proof. The algebra on the left is the same as the monoid algebra K[Z!], for which the

result is known. I
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Lemma 3.30. If p is a minimal prime ideal of M, then
K [My]" 2K |(2')7]
for some [.

Lemma 3.31. Let M be a reduced, torsion-free, cancellative binoid. Then K[M] is

reduced.

Proof. Since M is torsion-free and cancellative, there is a correspondence between min-
imal prime ideals of M and minimal prime ideals of K[M]. Since the nilradical is the
intersection of minimal prime ideals and it is trivial in the binoid because it is reduced,

it is trivial in the algebra, thus proving that the latter is also reduced. ]

Proposition 3.32. Let M be a reduced, torsion-free, cancellative binoid and let K[M]
be its binoid algebra. Then

(K[M))* = K* & M*.

Proof. What we have to prove is that, under these hypothesis, any unit is a product of a
monomial and a unit in the field. On the binoid side, since by definition My = M~ M*,

there is an isomorphism
~ M
M =M M,

Let p be a minimal prime ideal of M. Since p C M, there are maps

Tp

™M
and, since (M*)*>° C M, we have a map o going the other way

T ™My *) 00

o M Wy 5 (™

such that the composition 7y, oy oo is the identity of (A/*)°°. Thanks to the functor

from binoids to rings, we get maps for the rings

K[M] — K [M] — K[(M*)]

g




3.2. THE COMBINATORIAL TOPOLOGY 99

that again compose to the identity on the right and that induce maps of groups

K[M]* — K M| —— K (7))

g

that again compose to the identity on the right. Let P be a unit in K[M]. Then

P=XNX"+ > \T*
neMy

with v € M*, since K[M*] = K[M]/K[M+] and the statement is true for K[M*] thanks
to Lemma 3.29. If we apply the first map m, to P, we get

A XY+ A, TH M, 1*
2 M e ek [MA)

We can apply the previous Lemma 3.30 to obtain that this has to be a monomial. So,

in particular, >°,cp, AuT* € K[p] for all minimal prime ideals p. This means that

ST e () Klp] = nil(K[M)]).

neEM p minimal
prime of M

Since K[M] is reduced thanks to Lemma 3.31, its nilradical is trivial, so

> ATH=0
pwEMy

and P is a monomial
P=)\X"ecK"x M*. O

Remark 3.33. If M is torsion-free and cancellative but not reduced, then the algebra

is not reduced. Still, we can split its units as
(KM])" =K*& M* & (1 +n)
where n is the nilradical of K[M]. Indeed, in the above proof, we would just have that

N= Y A\T"
pnEMy

is nilpotent. So in particular 1 + N is a unit, as well as 1 + ,\l,NW let (14 M) be the
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inverse of 1 + )\V% So the inverse of P = A\, X” + N is then (ij’%)

Proposition 3.34. Let M be a reduced, torsion-free and cancellative binoid and let
K[M] be its binoid algebra. Then

(O%[M})comb ~ (K*)comb D (Z-*O}kw)comb7

where K* is the constant sheaf, as usual.

Proof. We have a natural sheaf homomorphism in the Zariski topology
K* ®i.03 — (’)H’;[M]

because every element in K*(U) & i,O03,(U) is trivially a unit in OJI*&[M](U) for any U,

and in particular in the combinatorial topology the map
(K*)comb oy (i*OM)Comb (Oﬂz[M])comb

is an isomorphism. It is enough to show the isomorphism of combinatorial affine open
subsets D(P), with P a monomial. Indeed,

P (D(P), (Oku)™™) =T (D(P), O
=T (Spec K[Mp], OH’%[M]) = K[Mp]*

Since Mp is again reduced, torsion-free and cancellative, we can apply the proposition

above and obtain a decomposition

[ (D(P), (Ogppy) ™) = K[Mp]* = K* & (Mp)*
—T (D(P), (K*)Comb) eT (D(P), (i*o*)mmb)
-T (D(P), (K*>comb o (Z-*O*)comb> 0

Notation. For any combinatorial open subset U of Spec K[M] and Zariski sheaf .#
on U, we use the usual notation H._ , (U,.#) to denote the cohomology of the sheaf

Feomb on U, i.e. the cohomology of .% in the combinatorial topology.

Proposition 3.35. IfU = D(2() = |J D(P) is a combinatorial open subset of Spec K[M]

and {D(P)}, with P monomial, is an acyclic covering for the Zariski sheaf F on U,



3.2. THE COMBINATORIAL TOPOLOGY 101

then
H]Zar(U7 g) = Hgomb(U7 9)7
for all j > 0.

Proof. Since {D(P)} is an acyclic covering for .# in the Zariski topology, we can use it to
compute Zariski cohomology via Cech cohomology on this covering, and the complexes

look the same for the Zariski topology and for the combinatorial topology
CHD(P)}, #) = CU{D(P)}, FeP)
so in particular
200U, 7) = Houp (U, 7). O

Remark 3.36. For the toric case in Remark 3.54 and for the Stanley-Reisner case in
the next Chapter, we proved that the Cech complex for O* can be split in the sum of
the Cech complexes for K* and for i,O*. The advantage of the combinatorial topology
is that this decomposition comes already at a sheaf level, which is not true for the

Zariski topology.

Remark 3.37. Since the combinatorial topology is a subtopology of the Zariski to-
pology, we get a continuous map Xz, —> Xcomp that is not bicontinuous, so the
Proposition above cannot be extended to arbitrary sheaves without considering the

acyclic covering.

Remark 3.38. Let ¢ be a Zariski sheaf on U combinatorial open subset of Spec K[M],
and let

G — F

be a flasque resolution of it. We get naturally a sequence of flasque sheaves in the

combinatorial topology via the restriction to it,

comb grcomb
9 — FOMP.

Indeed, each sheaf in .ZS°™P is again flasque because the restriction maps

FmP(D(A)) —— FOmP(D(B))

(2 (2
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are surjective, since they were surjective before. Since, in general, ﬁ%’mb # Fq, this
new flasque sequence of sheaves is not exact, so it is not a resolution and we cannot

use it to compute cohomology.

3.3 Pushforwards

Lemma 3.39. Let U be a combinatorial open subset of Spec K[M], with a covering
U = {ﬁj}je] made of combinatorial affine open subsets. Let U = iil(ﬁ) be the
correspondent open subset of Spec M, covered by % =i~ YU ) = {i_l(@)}jeJ and let
F be a sheaf of abelian groups on U. Then

H(U, 7) 2~ W (U ,i,.F) (3.6)

for all j.

Proof. Let U; = i~1(U;). {U;} defines an acyclic covering of U for .Z, because they
are affine open subsets of Spec M, so its Cech cohomology computes the cohomology
on the left. Moreover, z*ﬂ‘(ff;) = 9(1_1((7])) = 7 (Uj), so the Cech complexes are the
same, C(% i) = C(%,F), and we get our result. O

Corollary 3.40. Let .Z be a sheaf of abelian groups on Spec® M and let % = {D(X}y)}
be the combinatorial covering of Spec® K[M]|. Then

H (Spec® M, .7) = W (U ,i,.F) (3.7)

for all j.

Lemma 3.41. Let % be a sheaf of abelian groups on Spec M and % any covering of
SpecK[M]. Then

H (% ,i,.F) =0 (3.8)

forall 7 > 1.

Proof. The preimage of the covering i~1(%) is a covering of Spec M. In particular,
since 1.7 (U;) = Z(i1(U;)) for all U; € %, the Cech complexes are the same

C(U i, T) = Cli (W), F).



3.3. PUSHFORWARDS 103

Finally, since Spec M is affine, we know that the cohomology of degree bigger than 0

of the combinatorial complex is zero, and so it is the one of the pushforward. O
Theorem 3.42. H!(SpecK[M],i,.#) =0

Proof. From [Har77, Exercise I11.4.4] we know that

H' (Spec K[M],i,.7) = lim H'(% ,i..F),
w

where the limit is taken over all the possible coverings of X. Assume that there is a
non-zero cohomology class [c] in H!(Spec K[M],i+.%). Then there exists a covering that
realizes it, i.e. [¢] € HY(%,i,.%). But this is impossible, thanks to Lemma 3.41. O

Lemma 3.43. (i..7 )p = Fyeoms.>

Proof. We begin by investigating the stalk of the pushforward

(1.7 ) = limy (V) = Iy Z~ (D(P))) = lmg F(U(D(P,)))
PeU P¢y PEp
where P = Y «a;Pj, aj # 0. Moreover, P ¢ B implies that there exists j such that
P;j ¢ B, and this is true if and only if P; ¢ ™", Consider the direct limit

lim 7 (D(g).
agpeomt

Since {g ¢ PP} C {P ¢ P}, there is a natural map

lim  F(D(g)) — lim F(U(D(P))).
ggpeemb P¢p

This map is surjective because, given a section in the stalk s € (i..% )q, there exists a
polynomial P =) «;P; such that s € .# (U(D(P;))). In particular, one of these P;’s is
not in P and so not in PP, Let P, be this monomial, so s comes via the restriction
F(U(D(Pj))) — F(D(Fy)) also from a section in .# (D(Py)). As such, it comes from
the left, so the map is surjective.

This map is also injective because, given s and ¢ in  lim F(D(g)), if their images are

g¢q300mb
the same in the limit then in particular they are the same on some open subset D(F;)

3 Recall from Remark 3.13 our abuse of notation ™ = N M.
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such that P; ¢ Pemb 5o they were already the same before. This proves that

(l*g\)m = ]ﬂ E(D(g)) — y{pcomb. D
g¢q3comb

Theorem 3.44. The pushforward of a sheaf of abelian groups along i is exact.

Proof. Let % be a sheaf of abelian groups on Spec M. Since exactness is a local
property, it is enough to prove it on the stalks. We can apply the Lemma above to

obtain
(Z*y)(l} = yfncomb,

that is exactly our desired result. O

Remark 3.45. When we have an exact sequence of sheaves on Spec M

0 F 4 H 0

and we pushforward it, in general we get an exact sequence

0 07 09 W4 .

The Proposition above proves that we can see the last quotient as the pushforward of

the original quotient on Spec M.

3.4 H*(i.0;;) and H*(O*) in the combinatorial topology

The idea behind what follows is to try to describe the local Picard group of a binoid

K-algebra in terms of some combinatorial properties coming from the binoid itself.

Proposition 3.46. For any sheaf of abelian groups &% on Spec M, the cohomology of

the pushforward vanishes
H’ (Spec K[M],i,.%) = 0

forall j > 1.

Proof. We use induction on j > 1. For j = 1 this is true, for all sheaves of abelian

groups, thanks to Theorem 3.42. Let 5 > 1. We can embed .% in a flasque sheaf & on
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Spec M and build the exact sequence

0 F 4 Q 0

on Spec M, where Q = g/ ‘- Then we pushforward this sequence along i and, thanks

to Theorem 3.44, we get an exact sequence on Spec K[M]

0 15 F 1+ 1+ Q 0

that yields a long exact sequence in cohomology (we omit the topological space for ease

of notation)

0 —— H°(i,.%) —— H°(i,¥9) —— H°(i, Q)

HY(i,.F) —— H(i,9) —— H(,Q)

Thanks to [Har77, Exercise I11.1.16.(d)], we know that i,% is again flasque, so
H’(SpecK[M],i,%) =0

for all 7 > 1, and we get isomorphisms
HY(i,Q) = H/ T (i, 7).

By the inductive hypothesis, the left hand side is 0, and so is the right hand side. [

Remark 3.47. The previous result is somehow expected, in view of Theorem 1.67.
Nevertheless, it is an interesting result that will find applications in computing the

cohomology of the sheaf of units on Spec® K[M].

Remark 3.48. The cohomology of any sheaf i,.# on any open subset U of Spec K[M]
can be computed by Cech cohomology, using the affine combinatorial covering of U,
that is the cover given by the fundamental open subsets {D(P)}, with P monomials.
This is true because D(P) = Spec K[Mp] and (ix.7) [ppy= ix(F [p(p)) and from

Proposition 3.46 this cover is acyclic.

Remark 3.49. The Proposition is true in particular for the cohomology of the sheaf

ixO}y, that in general is a subsheaf of (’)H*([M], so we can compute the cohomology of
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1,O* on the punctured spectrum using the acyclic covering given by the coordinates

{D(Xy)}-
Definition 3.50. .03}, is called the sheaf of combinatorial units of K[M].
Corollary 3.51. H'(Spec® K[M],i.0%,;) = Hi(Spec® M, O%,)

Proof. We can use {D(X;)} as a Cech covering on the left, and we obtain the same Cech
cochain complex that we have on the right when covering Spec® M with {D(z;)}. O

Corollary 3.52. If we have OH*([M} = 4.0y @ F for some sheaf of abelian groups F
in the combinatorial topology then Pic'°¢(M) # 0 implies Picl°“(K[M]) # 0.

Proof. Since cohomology commutes with direct sums, we have that

H’ (Spec® K[M], Oka) = HY (Spec® K[M],,0%;) ® H’ (Spec® K[M], .%).
From the previous Corollary,

HY (Spec® K[M],i,0%;) = H’ (Spec® M, O%)
so, in particular,

Pic(IK[M]) = H' (Spec® K[M], O 1)
= H'(Spec® K[M],i.0},) @ H (Spec® K[M],.F)
= Pic'°°(M) @ H'(Spec® K[M],.7)

and if Pic'°¢(M) # 0 then Pic'*¢(K[M]) # 0. O

Remark 3.53. In general, .0}, C (’)ﬁg[M]. In particular, at least K* contributes to
the units of the algebra, but not to the ones of the binoid. There are cases, though,
in which the cohomology is the same, and we will see some examples of it in the next

Chapter.

Remark 3.54. A special situation in which the cohomology of the sheaf of units of
the binoid and the cohomology of the sheaf of units of the binoid algebra with the
combinatorial topology agree, is the divisor class group in the normal toric case, and
higher cohomology of the sheaf of units.

Let SpecK[M] be a normal toric variety and let @ = Xj...X,, be the product of
the variables in the ring. Then D(Q) is the open torus inside the variety. Clearly
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K[M]; = K* @ Z™. Since any localization at D(P) of a toric variety is again a toric
variety for any P monomial in K[M], and these form a basis for the combinatorial

topology, we can easily see that
Ok = K" @ 6.0}y

The cohomology of degree bigger than 0 of K* vanishes because the ring is an integral

domain, so we have that

Hgomb(o]}k([M]) = Hgomb(i*o}%)

for all j > 1.
In more details, when we look at the divisor class group of K[M], we can deduce the

following sequence from [Har77, Proposition I1.6.5]
K[M]g, N Div(V(Q)) — CI(K[M]) — CI(K[M]g) — 0

where Div(V(Q)) = Z", where n is the number of facets of the cone, and CI(K[M]g) = 0
because it is the torus. The map ¢ send the elements of the field to 0 and between the
Z’s is the same map between divisors in Proposition 1.110, so the groups are the same.

More on this property can be found in [CLS11, Section 4.1].

Unlike for the toric case above and the Stanley Reisner ring that we will cover in the
next Chapter, in general it is not true that O]’fq M = K*®14,0},, even when regarded as
presheaves on the cover {D(X;)} of Spec® K[M], and so moreover in the combinatorial

topology. The following are examples of this behaviour, because they involve nilpotents.

Example 3.55. Consider the non cancellative and torsion binoid M = (z,y | 2z =

X, Y]/(X2 ~ XY,Y? - XY) The element

X —Y is nilpotent in R, since (X —Y)2 = X? — 2XY + Y2, but does not come from

a nilpotent element in M, since M is reduced. So 1+ X — Y is algebraically invertible

x+vy,2y = =+ y), whose ring is R = K]

but it is not the product of a combinatorially invertible element and a field unit, and
this shows that the sheaf of units of the ring is not a direct sum of the sheaf of units of
the binoid and the units of the field. <

The next example show that this behaviour can be not only global, but also local on

the punctured spectum.

Example 3.56. Consider the ring R = KX, Y, Z]/(Xy(zz — 1)) coming from the

torsion free but non-cancellative binoid M = (z,y,z | x + y + 2z =z + y).
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Then the K-spectrum of M is the union of the four planes X =0,Y =0 and Z = +1,
represented in Figure 3.1 for K = R. The punctured spectrum Spec® K[M] is covered
by D(X) and D(Y).

Figure 3.1: Visual representation of R — Spec®(M) and its combinatorial covering

On these open subsets we can use a Mayer-Vietoris-like argument (as in the case of the

Stanley-Reisner ring, developed in Chapter 4) to prove that this covering is acyclic for
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the sheaf of units OF, thus we can use them as Cech covering to compute cohomology.

O(D(x)) = Rx = KX XLy, Z]/(Y(Z2 —1) = KLY, Z]/(Y(Z2 - 1))[X:X_1}
D) =y =KEVY Iy o)) =BG oy

OD(XY)) = Ryy = KIXXTLYYLZ),

—-1)
~ K[Z]/(Zg B 1)[X,X_1, Y, Y]

The groups of units are

Ry ={az" |aceK' meZ} ZK*®Z
Ry ={fy" |aeK' neZ}=ZK'®Z
Riy = {y2™y"(6z +¢) |y €K*, myn€Z, ,e €K, 6% #e°} 2K* @ Z?

In Rxy also the elements of the form (§z + ) are invertible, provided §2 # £2. These
units are not combinatorial, they show up only at this level ant do not come from earlier
in the Cech complex, so they will add to the combinatorial Picard group.

Indeed, the Cech complex looks like

vy (6z +¢e) —— 0

And the Picard group of the punctured spectrum (or local Picard group of R) is then
exactly the group of these “new” invertible elements Pic(Spec®(R)) = {(dz+¢) | d,e €
K, 6% # &2} <

The previous Example shows that the combinatorial topology, although it is coarser
than the Zariski topology and more similar to the topology on the binoid spectrum,

does not automatically give us an isomorphism of the cohomologies.

3.5 Cohomology of O in the Zariski topology

In this Section we will present some known results about cohomology of O* in the
Zariski topology and try to relate them with the combinatorial topology. We begin

with a result on the vanishing of O* for the affine space.
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3.5.1 The affine space

Notation. Let R be a commutative ring and .# a sheaf on Spec R. We ease the nota-
tion by denoting H'(R,.#) := H!(Spec(R),.#) in the Zariski topology. If, moreover,
R = K[M] for some binoid M, we denote also H'(Spec® R,.%#) := H'(Spec(R)

K[M-l—]? Z FSpec R\K[M+])'

Lemma 3.57. Let V = A" or V.= A" x (A*)™. Then H(V,0*) =0 fori > 1.
Proof. Recall that the spaces that we are considering are A" = Spec(K[zy, ..., z,]) and
A" x A* = Spec(K[x1, ..., xy,] [ylﬂ, ...,y:E1]). Since the two schemes are integral, the

sheaf IC* of non-zero rational functions is constant, and hence flasque, in both cases.

This constant sheaf fits into the exact sequence

0 o Kc* ’C*/(/)* — 0

The sheaf of Cartier divisors is exactly the last sheaf

and thanks to smoothness and local factoriality Cartier and Weil divisors agree, as well
as their sheafifications, CaCl and WDiv (see [Har77, Section I1.6]). So IC*/O* is flasque
because WDiv is such, thanks to integrality (in this case every Weil divisor can be
extended).

When taking cohomology of this short exact sequence, we obtain the long exact se-

quence

0 —— HO(O*) — HO(K*) —— HO (’C*/O*) = Div(R)

— H(0*) —— HY(K*) —— ...

Thanks to flasqueness we have that HY(K*) = H (IC*/O*) = 0 for every i > 1, so
HY(O*) = 0 for every i > 2. We still have to prove it for i = 1.
Both A™ and A" x (A*)™ come from Unique Factorization Domains, so thanks to [Har77,

Proposition I1.6.2 and Corollary I1.6.16] we have that
H'(0%) = DV(R) 4. — CI(R) = 0

and the proof is complete. O
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Lemma 3.58. Let V be a variety. Then H{(V,0*) =0 for i > dim(V).

This is a well-known result by Grothendieck [Gro57, Theorem 3.6.5], already cited in
Remark 2.57.

Remark 3.59. If V is W x (A*)™, then it is still affine because
(A")™ = SpecK[yit, ...,y
and the result holds then for i > dim(W) + m.

3.5.2 Toric varieties

We state now two important results about the cohomology of O* in the case of a toric
variety, both presented in [DFM93]. There, the authors use them to prove some results
that relate usual sheaf cohomology in the Zariski topology and étale cohomology on

toric varieties.

Theorem 3.60 ([DFM93, Lemma 5)). 1. If X = U, is a normal affine toric variety,

then

H) (X,0") =0,
for allp > 1.
2. If X5 is the toric variety associated to the fan ¥ and % = {Ugj }i=1,...r s the usual
covering of X with affine open subsets associated to the maximal cones {o1,...,0.} in
Y, then

HP (% ,0") = Hzae (X, OF).

Remark 3.61. From [CLS11, Theorem 3.1.5], if ¢ is a maximal cone in ¥ we know

that U, is normal and separated.

Let Spec K[M] = Xy, be a normal affine separated toric variety and let X = Spec® K[M].
D(X;) is a normal affine separated toric variety embedded in X, so {D(X;)} defines
an acyclic covering for O* on X. In particular, we can use it to compute Zariski sheaf
cohomology via Cech cohomology on X. Moreover, since the D(X;)’s are combinatorial,
we can apply Proposition 3.35 to obtain isomorphisms

Hp

Zar

(X, 0%) = Hy,,,,(X,0%) = H/({D(X;)}, 0%)

comb
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Moreover, we can then apply Proposition 3.34 to split the sheaf (O*)°°™ and obtain

H7ar (X, O7)

Hfomb (X7 O*) = Hzcjomb (X7 K*) ¥ H{:)omb (X7 Z*Oj/k\/[)

= HP({D(X;)}, K*) @ HP({D(X,)},1.O3/)
= HP({D(X;)},K*) @ HP(Spec® M, O%;).

Remark 3.62. The first part of the theorem above show really that, when Spec K[M]

is a normal separated toric variety,

HP(Spec K[M], O*) = HP(Spec M, Oy;) = 0,
for all p > 1. If we drop the hypothesis of normality, this might be not true, as the
following Example shows.

Example 3.63. Consider the Neil binoid M = (z,y | 2z = 3y). Its algebra is

K[X, Y]/< X2 _ Y3> and it defines the curve called Neil parabola, i.e.

C= SpecK[X’ Y}/<X2 _ Y3)’

that is a toric variety.?
We already know, from Theorem 1.67, that HP(Spec M, O3,) = 0 for all p > 1, because
it is affine.

On the other hand, this variety is not normal and, indeed
PIC(C) = K+,

where K is K seen as the additive group.®

So, in this case, we have that
K, = H'(Spec K[M], 0%) # H' (Spec M, O) = 0.

In particular, this shows that if we have a variety X such that one of its D(X;)’s (or
intersection of them) is isomorphic to a product of the cusp with something else, we

cannot use this covering to compute cohomology. For example, we cannot use {D(X;)}

4 This curve is also known as semicubical curve, or simply cusp.
® More on this result can be found in [Eis95, Exercise 11.15 and 11.16].
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to compute cohomology of the sheaf of units on

V = Spec® KX, Y, Z]/<X2 — vy
Indeed, D(Z) = C x A*, so HY(D(Z),0*) D K, # 0, and the combinatorial covering
{D(X),D(Y),D(Z)} is not acyclic for O*. <

3.6 Non reduced case

In the next Chapter we will discuss in detail the case of the Stanley-Reisner rings,
reduced algebras that are quotients of polynomial rings by radical monomial ideals. In
this Section we discuss the relations between the behaviour of the cohomology of the
sheaf of units in the Zariski topology in the reduced and in the non reduced case.

In particular, one might expect some differences, because any nilpotent element n €
R = K[M] defines a unit 1 + n, that is obviously non combinatoric (in the sense that
it does not come from a unit is M), and so they make the computations more difficult
(both in Zariski and combinatorial topology). We will see some examples where this
behaviour is really explicit.

In what follows, unless otherwise specified, we consider R to be a noetherian ring, not

necessarily a binoid algebra, and X = Spec R = Spec Ryeq-
Definition 3.64. Let R be any ring. nil(R) is the nilradical of R.

The exact sequence
0 —— nil(R) —— R —— Ryjeq —— 0
induces the exact sequence on the units

1 —— 1+nil(R) R* q —— 0,

where 1 + nil(R) is the group of units of R of the form 1+ n with n € nil(R).

Definition 3.65. The sheaf of nilpotents is the sheaf of ideals N' on Spec R such that
N(U) =nil(Ox (U)).
Proposition 3.66. N is a sheaf of ideals that fits into a short exact sequence

— 0.

0 N Ox Ox

red
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Definition 3.67. Let N be the sheaf of nilpotents. We denote by 1 + A the sheaf
1+ N)(U) =1 +nil(Ox (U)) of the unipotent elements.5

Proposition 3.68. 1 + N is a sheaf of abelian groups that fits into a short eract

sequence

1 — 14+ N 0% 0%, — 1

Proof. Call meq the map on the right. It is surjective because it is induced by the
corresponding surjective map Oy — Ox,_,, where a unit on the right has a preimage
in R, what is again a unit.

Every section of 1+ N is a section of ker(meq), so 1 + N < ker(meq). Moreover, this
inclusion is an isomorphism because, for every open subset U of X, the map Ox(U) —

Ox,., (U) kills only the nilpotents, so there is a reversed inclusion ker(meq) < 1+AN. O

Lemma 3.69. Let nil(R) be the nilradical of a noetherian ring R. Then there exist
m € N such that nil(R)" = 0 for any n > m and an isomorphism of sheaves of abelian

groups
Aﬂn41 ~ 1%7Afm71

Proof. The existence of m that annihilates N is trivial, because for each section there
exists a finite m that annihilates it and our ring is noetherian, so we can just look at
the generators of the nilradical. For the second claim, there exists an isomorphism of

groups

nil(R)™ ! —~— 1 4 nil(R)™!
fr— 1+

where the operation on the left is the sum and on the right is the multiplication. Indeed,
for any two elements in 1 + nil(R) we have that (1+ f)(14+g¢) = (1+ f+ g+ fg) but
the latter element is 0 because fg € nil(R)™ = 0.

This induces the wanted isomorphism of the sheaves 1 + N™~ 1 = N1, O

Remark 3.70. As sheaves of set N* =2 1 4+ N* for all k > 1, via the map above.
However, for k # m — 1 this is not a map of sheaves of abelian groups, unless N2 = 0,

because this is the only case in which f - g would be zero for all f, g sections of N.

6 Recall that an element P € R is unipotent if P — 1 is nilpotent, see for example [Bor56, Section 6].



3.6. NON REDUCED CASE 115

Theorem 3.71. H(X,1+N) =0 for all i > 1 and X = Spec R.

Proof. The first step is to observe again that
Spec R = Spec R/nﬂ(R)k

for all £ > 1. So, in particular, for any sheaf it is the same to compute the cohomology
on the space on left or on the space on the right. The surjective map

s
Or OR/nil(R)k“

—_—

has kernel exactly NEHL — nil(R)**+1. Let M be the sheaf of nilpotents of (’)R/ AR

Clearly M is the image of N via thiz map. Thanks to the ideal properties, moreover,
MPF is the image of N*, so MF = N /| \EHL The induced map between the groups of

units

* *
Ok OR/ nil(R)F+1

has kernel 1 + A**1 so this induces an injective map

L+N*, "
k+1 —— O .
1 +N R/nil(R)k+1

On the other side, there is a trivial injection

1 ke — O :
M OR/nil(R)k+1

Since (1 +N*) C 14+ MF and has kernel exactly 1 + N* ! we get an injective map

k
1+N/1_|_Nk+1 — 1+ MFK

that fits in the diagram

k
1+/\//1+Nk+1 O
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This map is also surjective, since N'* maps surjectively on M¥. Clearly M*t1 =0, so
by Lemma 3.69 we obtain that 1 + M* 22 MF¥. In particular then, for any i > 1,

H’ (X, L+ N7, +Nk+1) =~ H(X, 1+ MF) =2 H(X, M*) =0

the latter because MF is coherent on Spec R/nil( R)F+1) but we observed at the begin-
ning that cohomology there and on X agree.

Consider now the short exact sequence of sheaves on X
k
1*>1+Nk+1*>1+Nk*>1+N/1+Nk+1—>1.

We just proved that the cohomology of degree at least 1 of the latter is trivial, so we
have that

HY(X,1+ N 2 H(X, 1+ NF)
for all ¢ > 2 and for all £k > 1. If i = 1 we get a surjective map
—— (O + N — H(+NF) —— 0.

Now we apply Lemma 3.69, and for the m such that N = 0, we obtain that its
cohomology vanishes. We can then easily apply a descending induction on the power
of this sheaf of ideals to get that

H(X,1+N*) =0
for all 2 > 1 and for all £ > 1. O

Remark 3.72. Another proof of the previous theorem can be deduced in characteristic
0 from [BG09, Lemma 8.43], because in this situation nil(R) = 1 + nil(R) via exponen-
tiation and logarithm, so the sheaf 1+ A becomes isomorphic to a sheaf of ideals, that
is a coherent sheaf, thus proving that higher cohomology vanishes. It is worth noting
that we do not prove that the sheaf is coherent in other characteristics, but just that

cohomology in higher degrees vanishes.

Remark 3.73. From Proposition 3.68 and the previous Theorem we obtain that, on

an affine scheme X,

H'(X,0%) = H'(X, 0%

red)'
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In some cases, like when the reduction is a normal toric variety, or when we consider a
multiple affine space, this is zero.
This is not true, obviously, in non-affine situations, like general open subsets or the

punctured spectrum that we will investigate further in the next Chapter.

Corollary 3.74. Let M be a binoid. Assume that OH*([M}red
{D(X;)} of Spec®* K[M]. Then we can use the combinatorial covering {D(X;)} to

compute the cohomology of the non reduced sheaf O%[M] on the punctured spectrum

is acyclic on the covering

Spec® K[M] through Cech cohomology on the same covering.

Remark 3.75. In the next Chapter we compute explicitly the cohomology of O* in the
Stanley-Reisner case. At first we prove that D(X}) is an acyclic covering for this sheaf.
The previous result implies that this covering is also acyclic for any other monomial
ideal, since the radical of a monomial ideal is the Stanley-Reisner ideal of some simplicial
complex A, and

(K[Xl,...,Xn]/I> = K[Xl,...,Xn]/ﬁ.
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Chapter 4
Stanley-Reisner rings

In this Chapter, we address the problem of computing the local Picard group of a
Stanley-Reisner ring, through the study of the cohomology of the sheaf of units O*
in the Zariski topology. While doing so, we will also look at cohomology of higher
degrees of the sheaf of units, and we will give some combinatorial description of this
cohomology, in a fashion similar to what we did in Chapter 2. In order to describe this
cohomology group, we first prove that H (K[A], O*) = 0 and HY(K[A][z,271],0*) =0
for i > 1. We use then this result in a Corollary to give a combinatorial Cech covering
to compute cohomology of O* on Spec®(K[A]) and this will ultimately allow us to give
explicit formulas similar to the ones in the combinatorial case. Lastly, we will look
at the non-reduced monomial case and we will apply results from the last section of

Chapter 3 in order to get some explicit results.

4.1 The Spectrum of a Stanley-Reisner ring

4.1.1 Irreducible components

Let /A denote a simplicial complex on the finite set V' of vertices.

Lemma 4.1. There is a bijective correspondence between the faces of the complex A\
and the reduced, irreducible linear coordinate subspaces contained in Spec K[A]. This
correspondence is dimension-preserving, in the sense that the dimension of the irredu-

cible linear coordinate subspace is the dimension of the face associated to it plus one.

Proof. Faces of the simplicial complex correspond bijectively to prime ideals of the
simplicial binoid via the identification stated before F' +— p := (V' F') (in Remark 2.3).
Prime ideals of the binoid injects to the prime ideals of the algebra via p — K[p], where
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K[p] is the ideal generated by the elements corresponding to the generators of p, as
stated in Lemma 3.3. Clearly K[p] defines a reduced and irreducible linear coordinate
subspace V(p), being just generated by a subset of the variables.

On the other side, consider a reduced and irreducible linear coordinate subspace of
Spec(K[A]). Its defining ideal is prime and generated by some of the variables. We can
map it back to a prime ideal in the simplicial binoid and, thanks again to the map of
Remark 2.3, we get a face F' € A.

The dimension-preserving part is trivial, since such a subspace of A™ of dimension d is

the zero locus of a prime ideal generated by n — d variables. O

Lemma 4.2. The irreducible components of Spec(K[A]) correspond bijectively to the
facets of . Indeed, this spectrum is a union of irreducible coordinate linear subspaces

defined by the facets in the correspondence of Lemma 4.1.

Lemma 4.3. Let F' be a facet of /. The irreducible component defined by F is
Spec(K[P(F)]), where P(F) is the power set of F, i.e. the C-closure of F' in A. In

particular, since P(F') is a simplez, this irreducible component is an affine space A#F
Proof. This follows from Lemma 4.1 applied to P(F). O

Lemma 4.4. Let F be a facet of N and N := A~ {F}. Then
Spec(K[A]) = Spec(K[A']) U Spec(K[P(F))).
Proof. This follows from Lemma 4.2 and Lemma 4.3. 0
Lemma 4.5. Let F be a facet of N, N = ANAF} and A" = AN'NP(F). Then
Spec(K[A"]) = Spec(K[A']) N Spec(K[P(F)]).

Proof. This follows from the correspondence of faces and linear subspaces, Lemma 4.2
and Lemma 4.3. O

Lemma 4.6. Under the hypothesis of the previous Lemma,
dim (Spec (K[A"])) < min {dim (Spec (K[A])) , dim (Spec (K[CL(F)]))} .

Proof. Thanks to Lemma 4.1, this is equivalent to dim(A”) < min{dim(A"), dim(F)}.

This is trivial since F' is a facet of A. O
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Corollary 4.7. Under the same hypothesis as above, equality holds if and only if F is

the unique facet of maximal dimension.

Proof. <) If F is the unique facet of maximal dimension, then (P(F) ~ {F}) C A/,
dim(A") = dim(A") = dim(F) — 1.

=) We prove the contropositive. If F' is a facet but not of maximal dimension, then
dim(A') = dim(A) > dim(F) and A'NP(F) C (P(F)~{F}), so we have the following

inequalities of the dimensions
dim(A") < dim(P(F) ~ {F}) = dim(F) — 1 < dim(F) < dim(A")

Assume now that F' is not unique, so there exists another facet G of maximal dimension
in A. Then G € A/, dim(A') = dim(F), and dim(A") = dim(F) — 1, so again equality
does not hold. ]

Example 4.8. Let us go back to our favourite Example 2.50

@, {1}, {2}, {3}, {4}, 2
A=< {1,2},{1,3},{2,3},{3,4} A/4
{1,2,3} 1 3

If F = {3,4} then A’ is the simplex on {1,2,3} and A" is just the vertex {3}, so its
dimension is strictly smaller than both the other two.

But, if = {1,2, 3}, then its closure is the 2-dimensional simplex and A’ is

2
[ o2 s
{1,2},{1,3},{2,3},{3,4}
1 3
and A" is
2
A”: Q’{1}7{2}7{3}7
{1,2},{1,3},{2,3} & >
1 3

Corollary 4.9. If A is a simplex we have N" = A and, equivalently,
Spec (K[A"]) = Spec (K[A']) .

Proof. If A is a simplex and F' is the facet, than A = P(F), so A” = A’ and the stated
equality follows. O
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Example 4.10. Let us start from

. {@, {1}, {2}, 43}, } é
{1,2},{1,3},{2,3}
1 3
We will use x,y, z instead of x1,xs,z3 for the generators of the simplicial binoid, for
ease of notation.

The associated simplicial binoid is Ma = (z,y,2 | * + y + z = 00) and the associated

Stanley-Reisner algebra is

K[Ma] = K[2] = KXY 20y )

1

whose spectrum Spec K[A] can be drawn as

Consider now the facet F' = {2,3}, whose complement in A is

! For obvious drawing reasons, here we draw R — Spec R[A].
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2
e {@,{1},{2},{3},} i
{]" 2}? {17 3}
1 3

_ K[X,Y, X], Ly

whose associated algebra is K[A] = Z) with spectrum Spec K[A/]

SPC’ | )i

and we can see that the algebraic spectrum of the intersection of simplicial complexes

1

is the intersection of the spectra, i.e. two coordinate lines.

Spec K[A"]

A= N NP(F) = {@,{2},{3}}
/ \

and we can see that the dimension is strictly smaller, since we are not dealing with a

simplex. N
These previous Lemmata will play a key role in the rest of the Chapter.

Proposition 4.11. By intersecting Spec R[A] with the hyperplane {3 X; = 1} and
considering X; > 0, we recover a geometric realization of the abstract simplicial complex
we started with.

Proof. Assume that the vertex set is [n] and consider e; = (0,...,0,1,0,...,0)" € R,

where the only non-zero entry is in position j. Thanks to Lemma 4.2, spang({e; | j €
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J}) € SpecR[A] if and only J € A. Let T be the convex hull of the points {e; | j € J},
so T is a geometric simplex Ay _;, defined by the equation Z'lel xj = 1 and all the
inequalities 2; > 0. Then T; C spang({e; | j € J}) and again Ty C Spec R[A] if and
only if J € A. The collection of these sets {T;} that are in SpecR[A] is then the

geometric realization of the simplex. O

Example 4.12. In the previous example, when we intersect the spectrum with the
plane X +Y + Z = 1 and restrict to X > 0, Y > 0 and Z > 0, we obtain the white

triangle in figure (we do not draw the whole plane, for simplicity).

(0,1,0)

4.1.2 Covering the punctured Spectrum

Similarly to what we did in the combinatorial case, we can associate some combinatorial

structure to the open combinatorial covering {D(X;)} of Spec® K[A].

Proposition 4.13. Let F' = {i1,...,i;} be a subset of V and let D(F) denote the
affine open subset D(X;, --- X;;) = D(X;,)N---ND(Xy;). Then D(F) # @ if and only
if FeA.

Proof. This is easy to see. If F' is a face in A then (X; | i ¢ F') is a prime ideal in K[A]
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contained in ﬂ D(X;).
S
If F is not a face, then [ X; =0, so ﬂ D(X;) = D(H X;)=D(0) =o. O
el i€EF
The previous Propositions shows that we have the same intersection pattern that we

have in the combinatorial case.

Corollary 4.14. The nerve of the covering {D(X;)} of Spec® K|[A] is the simplicial

complex itself.

Example 4.15. Consider again the empty triangle above with ring K[A]. Intersecting
D(X) and D(Y) in the spectrum, leaves only the line Z = 0. If we try to intersect
again with D(Z), we end up empty. <

4.2 Cohomology of the sheaf of units

In this section we are going to prove that the covering of the punctured spectrum
of a Stanley-Reisner algebra given by the coordinate fundamental open subsets is an
acyclic covering for the sheaf of units. In order to show this, we will use the fact that
D(X) = SpecK[(Ma).] = Spec K[A'] x A* that we described above, and in particular
we will prove that H/(Spec K[A], O*) = 0 for j > 1.

Lemma 4.16. Let R be a local ring and A an ideal of R. Then the map
R* (R/Ql)

s surjective.

Proof. This is easily proved because in a local ring the group of units is the complement

of the maximal ideal, and quotients of local rings by ideals are again local rings. O

Proposition 4.17. Let 2 and B be ideals of a commutative ring R such that ANB = 0.
Let X = SpecR, Y = Spec R/Q[ and Z = Spec R/%. Then there exists a short exact

sequence of sheaves

1 O% —25 0,08 ® 0,05 —2 1,05y — 1,

where i are the inclusion maps and o(f) = (f Iy, f 1z) and (g, h) = gh=*.2

2 We use the same symbol for the inclusion of Y and Z because there is no ambiguity.
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Proof. Clearly X =Y U Z. These maps exist because they are induced by the taking
the quotients of the involved rings, and the fact that this is a complex is clear.

In order to prove the exactness of this sequence, we look at the stalks at a point 3.
The surjectivity of ¢ follows from the Lemma above, because the stalks are local rings
and Y N Z is defined by a quotient of the ring of Y (and of the ring of Z). In order to

prove injectivity of ¢, we look at it on a stalk
* Py -k -y
OX»‘B —_— (Z*Oy)qg ) (Z*Oz)qg.
Since Y = Spec R/Ql and Z = Spec R/‘B we can rewrite this sequence as

(R(B)* ﬂ) (Rm/m)* o (Rm/%>*
fr——= (1))

where, with R‘ﬁ/gl and R‘ﬁ/% we mean the quotients via the extended ideals. Consider
now f € (Ryp)* such that op(f) = (1,1). Then f—1 € A and f—1 € B, so
f—1e2ANB =0, so finally f =1 and this map is injective.

In order to prove exactness in the middle, we have to show that if ¢)(g,h) = 1 then

they both lie in the image of ¢. Recall that we have an exact sequence of rings

0 Ry Ry By o By gy —— 0.

Let g, h € R such that g is a unit on Y, h is a unit on Z and v (g, h) = 1. This happens
if and only if ¢ = h in Y N Z, because the map 1 sends them to gh~'. The same
holds for Ry and the quotients in the sequence above. So, there exists f in Ry such
that f = g+ a = h+bin Ry, with a € A and b € B (where these are the extended
ideals in Rg). What is left to prove, is that f is a unit of Ryp. Clearly f/Ql =g is
invertible. Assume that f is not, so it belongs to the maximal ideal ‘PRy, and if we
now go modulo 2, it belongs to ‘BR‘I‘/QL, that is again the maximal ideal, and so it
would not be invertible. So f is invertible and g,k both come from before, thus that

the sequence is also exact in the middle. ]

Lemma 4.18. Let A\ be a simplicial complex and let F' be one of its facets. Let X be
SpecK[A] and Y be the mazximal linear coordinate component of X that corresponds to
F. Let Z = X Y be the union of all the other maximal linear coordinate components

in X. Then we can apply the Proposition above on'Y and Z.

Proof. We have to prove that the ideal that defines Y and the ideal that defines Z in
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X have trivial intersection. Y is an affine subspace Y = AF of X, so the ideal that
defines it is radical. In the same way, Z is a union of affine spaces, so again defined by
a radical ideal.?

We can apply a basic fact about radical ideals and algebraic sets and see that Y U Z is
defined by the intersection of the two ideals. In particular, since Y U Z = X, we have

that the two ideals have trivial intersection in K[A]. O
Remark 4.19. In the lemma above, Z corresponds to a simplicial complex?

N = (AN P(F))cs

that is the subset-closure of the subset of A obtained by removing F' and all its subsets
from A.

Example 4.20. Let A be the simplicial complex on V' = [5] with facets {1,2,3} and
{3,4,5}, that we have already seen in Remark 2.28

2, {1}, {2}, {3}, {4}, {5}, 5 4
A {1,2},{1,3},{2,3}, M
| By 35) a5,
{1,2,3},{3,4,5}
Let ' ={3,4,5}. Then P(F) is the simplex on {3,4,5},
P(F) ={2,{3},{4}, {5}, {3,4},{3,5},{4,5},{3,4,5}}
So
ANPF) = ({1342}, {1, 2}, {1,3},{2,3},{1,2,3}}

and

In details, the ideal of Z can be seen as the colon of two other ideals, see [CLOO05, Corollary 4.8] for a
reference.
Like before in Lemma 4.3, P(F) is the subset-closure of F, i.e. its power set.
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N =(ANPF))c 2
2, {1}, {2}, {3}, I>§
=1 {1,2},{1,3},{2,3}, X
{1, 2, 3}

Theorem 4.21. H/(K[A],0*) =0 for all j > 1.

Proof. Let X = SpecK[A]. We prove the claim by induction on the number of facets
of A, that correspond to the number of maximal coordinate linear subspaces of X. If
A has only one facet, then it is a simplex and X = A™ for some n, so we proved in
Lemma 3.57 that H (X, 0*) = 0 for all j > 1.

Let now A be any simplicial complex. Consider Y = A™ a subset of X associated to
a facet F' of A\, so Y is a maximal coordinate linear subset of X. Let Z be the closure
of the complement of Y in X, i.e. Z = X \Y. Clearly Z = K[A'] for some simplicial
complex A/, where A’ = (A~ P(F))., the subset-closure of the subset of A obtained
by removing F' and all its subsets fro}n A, as we showed in the previous remark and
example. Clearly, /A’ has a facet less than A, namely F.

In the same way, Y N Z is again a union of coordinate linear subspaces, whose maximal
components are the intersection of the maximal components of Z with Y, so again
coming from another simplicial complex A", that is easier (with smaller dimension and
with less facets) than before.

Thanks to the Lemma above, we know that the radical ideal defining Y and the radical
ideal defining Z have trivial intersection in K[A]. We can then apply Proposition 4.17

to obtain the short exact sequence of sheaves

11— O% 250,08 @i,05 250,05, — 1.

When we take cohomology, we obtain the long exact sequence of cohomology on X (we

omit the space for clarity)

oo —— HI(O%) —— HI (i, 0%) @ HY (i,0%) — %

where, if 5 > 1, we have that H/(i.0%) = H/(Z,0}) because Z is a closed quo-

tient, and this in turn is 0 by induction on the number of facets, and H7 (i,O% ) =
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H/(Y N Z,0%4,) = 0. Since Y is an affine space, we already know that H7(i,O%) =
H/(Y,0%) = 0. So for j > 1 we squeeze H’/(0%) between two zeros, and this proves
that it is zero itself.

For j =1, we have a look at
HO(O%) — HY(i.0%) @ H(i,.0}) — HY(i.0% ;) — HY(O%) — ...

Since X, Y and Z are all defined by Stanley-Reisner ideals, whose units are just the

units of the field, this sequence becomes

K* — K* @ K* — K* — HY(O%) — ...
But v(s,t) = s~'t, so it is surjective, so also H!(O%) = 0. O
Corollary 4.22. The Picard group of a Stanley-Reisner algebra is always trivial.

Theorem 4.23. H/ (K[A][yi, ..., y,0*) =0 for all j > 1.

Proof. The proof is essentially the same as in Theorem 4.21, modulo some small tweak-

ings. In particular,

e instead of taking Y = A" we take Y = A" x (A*)™ where we can apply again
Lemma 3.57,

e in the same way, we consider Z = K[A'] x A*,
e we apply Proposition 4.17 on the ring K[A] [yfﬂ, ...,y and its quotients,

e we can apply Lemma 4.18 essentially in the same way, because the ideals do not

involve the units of the new ring.

A special observation has to be made for H', because the sequence of global units

becomes now
K*® (Z)" — (K*® (2)™") D(K* & (Z)") — K* P (Z)™ — ...

but again it is easy to see that the last map is surjective also on the Z’s. O

Corollary 4.24. The étale cohomology group HL (K[A],Z) is zero for every simplicial

complex.
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Proof. From [Wei91], we know that for every ring A
Pic(A[z, 27 ']) = Pic(A) @ NPic(A) @ NPic(A) @ HL, (A, 7Z)

and now we know that Pic(K[A][x,z7!]) = 0, so the result follows easily.? O

4.3 The Cech-Picard complex on the punctured spectrum

Using what we have proved in the previous section, we will show that {D(X;)} is an
acyclic covering for Spec® K[A] with respect to the sheaf O* and we will describe the
groups and the maps appearing in the Cech complex relative to this covering.

In the following theorems, we prove that {D(X;)} is an acyclic covering and we describe

explicitly the groups appearing in the Cech complex

C: P o'D(x)— P 0(D(X;)ND(Xy)) — ...

1<i<n 1<ip<ia<n

@ O*"(D(X;,) N D(X;,) M-+

1<ip<ip <-+-<i;<n

N D(Xi;))

Lemma 4.25. Let F be a face of /\. The localization of the Stanley-Reisner ring of
A at XF = {Xio7-~'7Xij} 18

K[Alx, = K[A[ZF]

where A" =1ka (F).

Proof. This follows from the equivalent theorem on binoids, Theorem 2.33, together

with the fact that the functor K[ | respects localizations, stated in Lemma 3.1. t

Corollary 4.26. The cohomology of O* on the punctured spectrum Spec®(K[A]) can
be computed using as Cech covering the one given by the fundamental combinatorial
open subsets {D(X;)}.

Proof. From Lemma 4.25 and Theorem 4.23 we get that the sheaf of units is acyclic on
this covering and, by applying the Theorem of Leray 1.68, we get the result. O

NPic(A) appears two times in the expression, and it is Pic A[ﬂ/Pic A- The idea behind it, is that Weibel

treats separately  and £, as if they were two different variables, and then with the Etale cohomology

with coefficients in Z he takes in account their relation.
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Remark 4.27. For a Stanley-Reisner ring, it does not make a difference whether we
compute the cohomology of the sheaf of units H(Spec® K[A], O*) on the Zariski or in
the combinatorial topology, since the covering {D(X;)} is acyclic in both topologies,
and this yields the same Cech complex. Since the combinatorial topology is simpler,

we can then restrict to work with it.

Theorem 4.28. In the combinatorial topology of Spec® K[Ma] we have that the sheaf

of units splits
where K* is the usual constant sheaf.

Proof. This is just an application of Proposition 3.34, because K[A] = K[Ma] is re-

duced and MA is semifree, so torsion-free and cancellative. ]

Remark 4.29. In the Zariski topology the sheaf of units does not split, because there
are non-combinatorial open subsets on which 7,O* does not yields the right units. This

can be easily see already in the A!, for any D(P) when P is not a monomial.

Remark 4.30. Since we are able to split O}, into smaller subsheaves (see The-

orem 2.39), we can do the same here, and obtain that in the combinatorial topology
n n
Okqa) = K* @i (QB O;i> =K*'&® <EB2*(’);> :
i=1 i=1

Corollary 4.31. Let A be a simplicial complex on the vertex set V, let K[A] be its
Stanley-Reisner algebra and OF = H*qA} the sheaf of units. Then

K* x Z¥,  if Fe A,
o | N D(X;) | = .
jeF 1, otherwise.
Proof. From Theorem 4.28 we know that
O* (ﬂ D(Xj)) ~ K* (ﬂ D(Xj)) ® O (ﬂ D(Xj)) .

jEF jeF jeF

Clearly K* (ﬂje rD(X ])) is either K* or 1, depending on the intersection being empty
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or not. Finally, by applying Theorem 2.41 on Oy, , we obtain the wanted result

K* x Z¥, if Fe A,

o* | () D(X;) | = O
jeF 1, otherwise.
In particular, this tells us that a unit P in (K[MA/][Xijfl, e ,Xijjﬂ])* is a monomial

and can be written as

P=apX{t - X

)
with ap € K* and exponents in Z.

Remark 4.32. We can see that the maps split more explicitly. It is easy to see that
the maps in the Cech complex, defined for example in [Har77, Section II1.4] using a

additive notation as

p+1

205 0tp+1 T ( 1) ai07"'1ik7"'7ip+1 [UZ """ ip+1’
k=0

(da)

become the following when using our multiplicative notation, the combinatorial covering
{D(X;)} and assuming that {ig,...,ip41} is still a face,

p+1 (_1)k
(@)ig..oipin = T (g, s Vi)
k=0
but
Qi [Uigoiy 1= Yo 5
yeeesbhyeenyipt1 0+ ip+1 1050+ bk sy bpH1

because it is just the restriction

€; €; €; €
a o~ . =a, o~ 0L XY — g~ ,10...XZ!)...X,P+1
20yeeeylkyeeeylp+1 10y esblyeenslpr1 L0 1p+1 10y ylkyeresbp+1 L0 k p+1
forsomea. ~ . € K*"ande; €Z. If {ig,...,ipt1} is not a face, the restriction
2050+ 0k ye- s bp+1 k
o, =~ . Ty, . is 1, because of Corollary 4.31.
20552k 5lp+1 20500 p+1
For ease of notation, we denote with R A the vector with a 0 in position k,
yeenlkyeetpt
[ ~ . . .
(€igy-+++€ij_1>0,€i4 15,65, 1) and with X ‘o-%-+1 the corresponding monomial
€; €ipniq
X0 X0 X
0 1k p+1

So, going back to the map, we can split the part belonging to the field and the com-
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binatorial part (involving only the variables) and describe it as

ptl e~ (—1)
(da)i07---7ip+1 = H (aio,‘..,i/\k,...,ierlX e Zp+1)
k=0
p+1 r ptl &
(=1) e~ (-1)
— ~ . By Gfosens ipt1
H (aio,..A,ik,...,ierl) H (X P ) '
k=0 k=0

The part involving the variables is the part that comes from the cohomology of the
simplicial binoid, and as such it can be rewritten exclusively in terms of operations on

the exponents, that belong to Ma

p+1 e ~ (_1)k
H (X Qs Thoseees zp+1) — Xm
k=0
with
p+1
_ _1)k ~
m= ];)( 1) € ioymrimseenriptl Ma

and we recovered the same map that we had before when computing cohomology for

the combinatorial case, in Chapter 2.

Corollary 4.33. The complex for computing Cech cohomology of OH?[A] on Spec® K[A]
with respect to the combinatorial covering given by {D(X;)} can be split as a direct sum

of two other complexes
¢ ({D(X)}, Okpay) = C({D(a)}, K*) @ € ({D(wi)}, O3y, ) -
Proof. The only thing that we have to notice is that
C({D(X)},K*) = € ({D(z:)},K*)

because {D(X;)} and {D(z;)} have the same intersection patterns, thanks to Proposi-
tion 2.12 and Proposition 4.13. 0

Example 4.34. Consider again

K[M) = KXY 2 vy o,

Its punctured spectrum is then covered by D(X), D(Y) and D(Z), and the Cech
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complex w.r.t. this acyclic covering for Of[“q M is

¢ K OLBE eLOK @) —
K a2 B 6 22) BK* © 7%) — 1

and we have the components

a9,
CK): KoK oK — s K apKaoK — 1

(@p) ——— (5.2.3)

1
M

39 1o}
COy): 2077 —YX— 72070 7> —> 0
(a,b,¢) —— (—a,b,—a,c,—b,c)
that give us the decomposition. N

Remark 4.35. Thanks to the fact that the nerve of the covering {D(X;)} is the sim-
plicial complex we started with, the previous Corollary tells us that the punctured
Cech-Picard complex of a Stanley Reisner ring splits in two parts, that are both com-

pletely determined by the combinatorics of the simplicial complex.

4.4 Cohomology

In this last section of the Chapter we sum up our results and give the explicit formu-
las for computing cohomology of the sheaf of units of a Stanley Reisner ring on the

punctured spectrum.

Lemma 4.36. For any constant sheaf of abelian groups G on Spec® K[Ma], we have
that

Proof. Thanks to Proposition 4.13 and Proposition 2.12,
nerve{D(X;)} = A = nerve{D(z;)}

the nerve of the combinatorial covering of Spec® M. Thanks to Corollary 2.21 the
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simplicial cohomology of the latter is Cech cohomology of the covering, and since the
Cech complexes look the same for {D(X;)} and {D(z;)}, we get our thesis. O

Theorem 4.37. Let K[A] be the Stanley-Reisner ring of a simplicial complex /\ on
a finite vertex set V.. We have the following explicit formula for the computation of

the cohomology groups of the sheaf of units, O]’fq N restricted to the punctured spectrum
Spec® K[A].

H (Spec® (K[A]), O 1)) = B (A, K*) © @@ H ! (Ika (v), Z), (4.1)
veV

where W (A, K*) is the i-th simplicial cohomology group with coefficients in K*, for
Jj=0.

Proof. Recall from the results in this chapter that we can use the covering of the open
subsets defined by the variables {D(X;)} as an acyclic covering for computing this
cohomology via Cech cohomology (Corollary 4.26)

R (Spec* K[A], Oj)) = B ({D(X)}, Ofa)) = 1y (€ (D(X0), Oy ) -

We observed in Corollary 4.33 that we can rewrite this Cech complex as a direct sum
¢ ({D(X)}, O%ia)) = C({D ()}, K*) & C ({D(w:)}, Oy, )

and the same holds for the cohomology
7 ({D(X0)}, O%ya)) = B ({D(X)} K" @ WY ({D(2:)}, O3, ) -

Thanks to the fact that the nerve of the covering { D(X;)} is the simplicial complex A
we started with (Corollary 4.14), we can apply the previous Lemma and see the first

summand as simplicial cohomology
B ({D(X;)},K*) = B/ (A, K*)
and, finally, we can use Theorem 2.53 to recall the fact that

7 ({D(x)}, O3y, ) = W (Spec® M, Oy,) = €D W (Ika (v), 2)
veV
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and obtain our thesis
H (Spec® (K[A]), O a)) = B (A, K*) & @ B~ (ko (v), Z). O
veV

Example 4.38. Consider again

KiM) = KXY 2 oy

Given the Cech complex and its decomposition that we computed in the Example

above, it is easy to explicitly compute its cohomology, since

H°(C) = ker 8" = ker 0. @ ker 8%,
= {(a, 5,7) € (K*)’ | a = 8 =~} © {(0,0,0)} = K*

and the image of 9 is

imd° = im Y. @ im 0%,
= {(p,0,7) € (K*)* | 0 = p7}
@{(pv%rasatau) €Z6 |p:T>q:_t78:u}g(K*)2@Z3

and clearly
1 _ ker 9! ~ Tk 3 ~ 17l * 1/ x
H'(C) = /ime EK oZ = H (AKY) @ H (O3).

We recover that HO(A,K*) = H' (A, K*) = K*, with a description in Cech cohomology
given by (1,1, A) for A € K*, that we could expect because our simplicial complex is

topologically a circle. <

4.4.1 Line bundles

A line bundle on X = SpecK[M] is a locally free Ogps-module of constant rank
1. Similarly, a line bundle on U = Spec® K[M] is a locally free Ok[5) [y-module of
constant rank 1.

From Chapter 3 we know that there is an injection from Pic'° M to Pic'° K[M]. In
particular, any combinatorial line bundle defines an algebraic line bundle. In general,
the second is much bigger than the first, due to the contribution of the first cohomology

of the sheaf of constant units K*.
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Example 4.39. Let us go back to our favourite Example 4.10,
Mp = (z,y,z |z +y+2=00) K[MA]:K[X’Y’Z]/(XYZ)
From what we proved in Theorem 2.53 and Theorem 4.37 we know that
Piclo¢ My = 73 Pic* K[Ma] = K* & 72

so we can easily see that there are many more algebraic line bundles, as there are
combinatorial ones.

From the extensive study conducted in Section 2.4.5, we can recall that a line bundle
in Pic'°® M is represented (up to isomorphism) by a locally free Ma-set of rank 1 of

the form

e1 +ay = ex + bx,
S = e, ez es| e +cz=e3+dr,

es+ez=-eg+ fy

with a, b, ¢, d, e and f positive natural numbers. We can think of this isomorphism class
as represented by (a — f,b—d,c —e) € Z3.

We know automatically that such Ma-set gives rise to a locally free K[Ma]-module of
rank 1 in Picl°® K[M]

Ei1Y® = By X",
K[S} = Ela EQ, E3 EIZC = E3Xd7
FyZ¢ = B3Y Y

with a,b,c,d,e and f natural numbers. This indeed identifies an isomorphism class in

Pic'®. In order to see the contribution of K*, it is enough to notice that

MEY® = By XY, NE Y = B X,
Ei,Eo,Es | M\E Z¢ = E3X¢, and Ey, By, B3 | MyE1Z¢ = E3X?,
EyZ¢ = EsY/ EyZ¢ = EsY/

/
with A;, A, € K* define two different line bundles if % # %
2 2

With an argument similar to the one that we used on page 74 for the star graph, we

can see that a,b,c,d, e, f have to be different from 0.
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In particular, we can think of the bundles with exponents all 1’s as the bundles that

come from the units of the field

N EY = B2 X,
FE1, Es, Es XQEIZ = FE3X, |,
EyZ = E3Y

that is in the same class as the bundle

’yElY = EQX,
E\,Ey,E3 | E\Z=E3X, |,
EyZ = E3Y

thus giving us an easy decomposition of any bundle in what comes from K* and what

is combinatorial. <

4.5 The general monomial case

In this Section we present and discuss a couple of examples that show how the general
non-reduced monomial case can be already much harder than the reduced case, but
can still be handled with our methods.

If I is any monomial ideal in S = K[X1,...,X,], its radical ideal is a Stanley Reisner
ideal, VI = In. Let R = S/I and Ryeq = K[MA] = S/IA' In Theorems 4.21 and 4.23

we proved that the covering of Spec® S/ T generated by {D(X;)} is acyclic for OF |
with the Zariski topology.

Theorem 4.40. Let I be a monomial ideal in S = K[Xy,...,X,], let R = S/I, let M
be its binoid (R = K[M]) and let X = Spec® R.

Let In = /T be the radical of I, let Ryeq = S/IA be the reduction of R, let M be the
simplicial binoid associated to Ryeq and let A\ be the respective simplicial complez.

We can compute the cohomology of O% on X with the Zariski topology as

H/(X,0%) = H(AK*) & @ B (Ika(v),Z) @ B ({D(X;)}, 1+ N)
veV

for any 7 > 0.

Proof. Thanks to the exact sequence presented in Proposition 3.68, the sheaf of abelian



4.5. THE GENERAL MONOMIAL CASE 139

groups (1 + N) fits into the short exact sequence

1l —— 14N 0% 0%, —— 1

in the Zariski topology, and (1 4+ N) is acyclic for affine schemes, so thanks to Corol-
lary 3.74 we can then use any covering by combinatorial open subsets to compute the
cohomology of O%.

By applying Remark 3.33 to the proof of Proposition 3.34 we can easily that even in
the non reduced case we can split the sheaf of units as a direct sum in the combinatorial

topology as
0% =K' @i, 03, ® (L +N).

In particular, we have again a direct sum of complexes when we look at the Cech
cohomology on the combinatorial covering {D(X;)} of Spec® K[M].

The sheaves, obviously, do not split in the Zariski topology but, thanks to the fact that
the Cech complexes for O* on the covering {D(X;)} are the same in the combinatorial
and in the Zariski topology, we can use the smaller complexes, that come from the
decomposition above in the combinatorial topology, to compute cohomology in the

Zariski topology as

Y, (X, 0%) = Bl (X, 0%) = Hl o, (X, K" 06,05, @ (L + )
= Hgomb(X7 K*) & Hzomb(X7i*O}k\/I) @ Hgomb(X’ 1+ N)
=W ({D(x:)},K*) @ B ({D(x)}, O3y) & B ({D(X;)}, 1+ N)
=H(AK) @ P B (ka(v),Z) @ B ({D(X;)}, 1+ N) O
veV

Remark 4.41. This theorem explains well why our methods can be useful to compute
of the cohomology in the non-reduced monomial case. Indeed, most of the computations

now become again simplicial cohomology, that in general is easier to compute.

Remark 4.42. Since Oy, = O}, , we can rewrite the result above as

H

Zar

(X,0%) = B (X, 0%, ) @ H ({D(X,)}, 1+ N)
= H/(A,K*) & H/(Spec® M, 0%,) & B ({D(X;)}, 1+ N).

Remark 4.43. Let M be a binoid such that the radical ideal Ian corresponds to a
simplicial complex A of dimension 0. Then Pic'* K[M] and all the higher cohomology
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groups are trivial. This is true because of the intersection pattern. Indeed, if A has

dimension 0, then all the possible intersections D(X;) N D(X;) are empty, so
CZH({D(X:)}, 0%) = 0,

thus proving our claim.

Example 4.44. Let M be the non reduced binoid
M = (z,y,z | 2 +y+2z=00)
whose associated rings is

We want to compute Pic'°°(K[M]) and we can do it by meaning of Cech cohomology on
the combinatorial covering. We have first to compute the localizations at the elements

of the covering and their groups of units

Ky =KX

KM% = {aX" (1+ P) |a € K*,r € Z, P € N(D(X)) = (Y Z)K[M]x }

Ky 2 KXY 2

KMy ={Y*(1+Q)|be K" s €Z,Q € (XZ)K[M]y}

K[M]z = KXY, Zﬂ]/@(y)

KM} = {czt \ ce€ K"t e}

K[M]xy = KIx=, v, Z]/<Z2>

KMy & {aX™Y" (1+T) | a € K*,m,n € Z,T € (Z)K[M]xy}
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KMz = KXV 25] o s g

K[MB(Z = {Bmen | ﬁ € K*aman € Z}

+1 o+l
K[M]YZ = K[Xv Y 7Z ]/<X> o~ K[Yi17 Zil]
KM%y =2{7Y™Z" |y K" m,n € Z}
The Cech complex looks like

KM% @ KMy @ KMy —2 KM%y @ K[M%, & KM}, 20,

where

O (aX" (14 P),bY* (14 Q),eZ") = (lﬂ”(lw) cZ! cZt )

aX"(1+P) aX"(1+P) bY*(1+Q)

Now we can easily compute the inverses, since N2 = 0, so 1 + N = N as sheaves of

groups, and

(aX"(14+P))~' = Lx—r (1—P)

a

S - 1 —S

BY*(1+Q) " =Y (1-Q)
SO

O (aX™ (14 P),bY* (14 Q),cZ")

- <bYSX‘T 1+Q-P), SztxT(1-P), gzty—s 1- Q)> .
a a
When we split this map on the components, we already know the cohomology for K*
and for O}, , so we have only to compute it for 1 +N =N
RN Y
L+ N(DEX)) & 1+ N DY) & 1% 1+ N(DX)N DY) &1a1 %0
1+P1+Q,1)— (14+Q—P1,1)

Since P € N(X) and Q € N(Y) we know that P = fYZ and Q = gXZ for some
polynomials f € K[M]x and g € K[M]y. So 8°(Q — P) = 0 € Rxy if and only if
°(Q — P) € (Z*K[M]xy, so Z? | P and Z? | Q in the respective rings, so Y Z? | P,
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so P =0 € K[M]x and similarly for Q. So 87, \ is injective and H(1 + N') = 0.
The image of this map is im 9y, \r = {1+ (¢X — fY)Z | f € K[M]x,g € K[M]y} and
the quotient is then

H(1 4+ V) = (Z)K[M]xy ((gX — fY)Z)K[M]xy"

As a K-vector space, this quotient is generated by the monomials of the type X'Y7Z
such that i, 7 < 0, because as soon as one of these exponents is positive, it comes from
before.

Summing up, the local Picard group of this ring will then be

Pice(K[M]) 2K 0 Z° & DRIMIxv /oy iy §

Example 4.45. Let M be the non reduced binoid
M= (z,y,z |22 +y+ 32z =00, + 2y + 2z = c0)
whose associated ring is
K[M] = KX, Y, Z]/<X2YZ3,XYQZ2>'

We want to compute Pic°¢(K[M]) and we can do it by meaning of Cech cohomology on
the combinatorial covering. We have first to compute the localizations at the elements
of the covering and their groups of units

+1
Ml = XA g v

K[M]% = {aX’” (1 +> bY'Z+ cYZQ)

i>1

r € Z, b; = 0 for almost all 2}

i>1

K
K[M]} = {dYS (1 + ZeiXiZ>

s € Z, e; = 0 for almost all ’L}
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K[X,Y, Z*H!
| % (X%Y,XY?)

K[M]}, = { f2! (1 + gXY) ‘ tez}

12

K[M]z

K[M]xy = KX, v+, Z]/<Z2>

KMy = {aX™Y" (14 hZ) | m,n € Z,h € K[M]xy}

K(M)xz = KXV 25] 0 o st g

K[MJi, = {8X™Y" | m,n € Z}

K[M]y 7 = KX, Y, Zil]/<X> ~ K[y+, ZH

K[M]xy = Y™ 2" [ m,n € Z}

where a,d, f, o, 3,7 are in K*, b;,c € K[XT!, ¢; € K[Y*!], ¢ € K[Z*!]. The Cech

complex looks like
* * x 0° * * * ot
KM]x @ KM} @ K[M]}; —— K[M]yy @ K[M]x, @ KM}, —— 0,

where

a° (aX" (1 +> Y Z+ cYZZ) ,dY® (1 +> eZ-XiZ) 7201+ gXY))

i>1 i>1

- AY* (14 Loy eX'Z) F20 (14 gXY)
X (14 i1 bYZ + Y 22) aX" (14 Sy biYTZ + ¥ 22)

fZ'(1+ gXY)
dYs (14 L e X1Z)

We can notice that we can separate 0° into different parts in each component, that are
the one relative to K*, the one relative to the combinatorial units X, Y, Z¢ and finally

the one corresponding to the nilpotents. We can explicitly compute the inverses (all



4.5. THE GENERAL MONOMIAL CASE 144

computations are done in the appropriate localization, with the appropriate quotients)
i>1 i>1

-1
) 1 .
dy* |1+ ) eX'Z =Y (1= eX'Z
i>1 d i>1

a° (axr (1 +> bY'Z+ cYZ2) . dY® (1 +> eiXiZ) 201+ gXY))

i>1 i>1

-1
) 1 )
(aXT (1 +> Y Z+ cYZQ) ) =X (1 -> bY'Z - cYZ2)
a

SO

Il
—

d —ry/s e . iz 2
—XTTY (1+261XZ) (1 > bY'Z cYZ),

i>1 i>1

I x-rpt (1+gXY) (1 -y bY'Z - cYZ2) ,

a i>1

Ly=s gt (1+gXY)[1-> eX'Z

d i>1
_ d rvS 7 7 f —r 7t f —s 7t
==XV 1= Y'Z+> eX'Z|, =X T2 Y7

a , ; a d

i>1 11

An element of the kernel of 8° is given by a = d = f € K*, b; = ¢; = 0 for all 1,

r=s=1t=0 and c and g disappeared from the image, so they are free in the kernel
HY(Oxpy) =K @ KX @ K[ZH).

The kernel of &' is the whole group in the complex, and we should quotient out the
image of @° from it, to obtain the local Picard group.

To understand the image of 9°, we can look again separately at the components. By
looking at a,d, f we can easily see that the quotient of (K*)2 modulo their relations
in the image is a K*, because im(8° x«}) = {(o, 8,7) € (K*)® | = an}, as we
already computed in Example 4.39. For the combinatorial units, we computed in
Subsection 2.4.2 that H!(i,.0%,) = HY(O%,) = Z3. We are left with the last part, the

units that come from the nilpotents. The local Picard group of this ring will then be

Pic'(K[M]) = H' (Spec® K[M], O py) = K* @ Z° & G
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where, thanks to the fact that nil(K[M]xy)? = 0, G is the appropriate quotient of
nil(K[M]xy) = (Z)k[m)yy Viewed as an abelian group with the usual sum, modulo
the subgroup generated by all the polynomials of the form — 3%+, bY'Z + >is1 61X A
with b; € K[X*!] and ¢; € K[Y*!].

The description of this group is more complicated than before, because N2 # 0, so

1+ N 2 N as sheaves of abelian groups. N

These examples clearly show how, even when we are able to use the powerful Cech
cohomology on a very nice covering, the computation of cohomology groups might be
extremely hard in the non reduced case.

However, it is now easy to prove the following results about the non vanishing of the
local Picard group of the general monomial case. We use the same hypothesis and

notation of Theorem 4.40.
Corollary 4.46. If
° PiclOC(Rred) #£0 or
o Picl°(M) #0 or
o HY(A,K*) #0
then Pic'°°(R) # 0.
Proof. Thanks to Remark 4.42 above, we know that
Pic'°(R) = H'(X, O%)
= H'(Xrea, O%,.,) @ HY(X, 1+ N)
= Pic"*“(Ryeq) ® H'(X, 14+ N)

= H'(A,K*) @ H (Spec® M, 0% ) @ H'({D(X;)}, 1+ N)
= HY(A,K*) @ Pic(M) @ H ({D(X;)}, 1+ N). O
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4.6 Further developments

Although we successfully proved some interesting results, there are still many open
questions that can lead to further developments of the techniques and theories here
presented. We list here some of them, that are not too far from this work and that can

probably be achieved in the near future.

e The techniques developed and used when talking about cohomology of the sheaf
of units in the monomial case might be easily adapted to the case of toric face
rings and to more general mixed situations arising from other torsion-free and

cancellative binoids.

e On the other hand, completely new techniques might be necessary for addressing

the cases in which the binoid is not torsion-free or, even worse, non-cancellative.

e Since the binoids that we considered are N-graded, the results here presented for
the punctured spectrum of K[M] can give some insights at some combinatorial

properties and description of invariants of Proj K[M].

e The combinatorial topology proved to be useful to answer questions related to the
algebraic invariants, but it might be also useful to address topological questions;
for example about topological vector bundles and the fundamental group in the
case K = R or C. To the extent of our knowledge, these objects are not yet defined
for binoids, and being able to define them by looking at the combinatorial topology
might be a fruitful way to address the problem of studying them combinatorially.

e It might be interesting to have an interpretation of the well-known exponential se-
quence for a binoid, that again might arise through the study of the combinatorial

topology and a suitable field.
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Top x
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(X, OX)
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with S = (M ~\ p)
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CaPrin(U) subgroup of principal Cartier divisors of U 23

CaCl(U) class group of Cartier divisors of U 24

{Ui, Vi }ier representation of a Cartier divisor of X on the covering 24
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Div(M) group of Weil divisors of M 25

Prin(M) subgroup of principal Weil divisors of M 27
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(pre)sheaf .# w.r.t. the covering {U;}
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in the abelian group G

Ik (F) link of the face F in A, Ikn(F) = {G € A | GNF = 46
g,GNF e A}

TE set of variables of Ma associated to face F' € A. zp := 47
{z;|ie F}

Ay set, of faces of dimension j in the simplicial complex A 58

ﬁp(A, G) reduced simplicial cohomology of degree p of A with coef- 67
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ht(p) height of the prime ideal p of the binoid M 81

CCC({G}icr, L) the crosscut complex of the set of faces {G;} C Ain A 83
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K[ ] functor Bin — Rings that associates to a binoid its bin- 92
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K[M]-modules, between topologies and between sheaves

K[M] K-algebra of the binoid M 92

Spec® K[M] punctured spectrum of K[M], i.e. Spec K[M] ~ {K[M+]} 95
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