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6 CONTENTS

1 Introduction

Logarithmic geometry was developed to deal with two fundamental and re-
lated problems in algebraic geometry: compactification and degeneration.
One of the key aspects of algebraic geometry is that it is essentially global in
nature. In particular, varieties can be compactified: any separated scheme U
of finite type over a field k admits an open immersion j: U — X, with X/k
proper and j(U) Zariski dense in X [15]. Since proper schemes are much
easier to study than general schemes, it is often convenient to use such a
compactification even if it is the original scheme U that is of primary inter-
est. It then becomes necessary to keep track of the boundary 7 := X \ U
and to study how functions, differential forms, sheaves, and other geometric
objects on X behave near Z, and to somehow carry along the fact that it is
U rather than X in which one is interested, in a functorial way.

This compactification problem is related to the phenomenon of degen-
eration. A scheme U often arises as a space parameterizing smooth proper
schemes of a certain type, and there may be a smooth proper morphism
V' — U whose fibers are the objects one wants to classify. In good cases one
can find a compactification X of U such that the boundary points parame-
terize “degenerations” of the original objects, and there is a proper and flat
(but not smooth) f:Y — X which compactifies V' — U. Then one is left
with the problem of analyzing the behavior of f along the boundary, and of
comparing U to X and V to Y. A typical example is the compactification
of the moduli stack of smooth curves by the moduli stack of stable curves.
In this and many other cases, the addition of a canonical compactifying log
structure to the total space Y and the base space X not only keeps track
of the boundary data, but also gives new structure to the map along the
boundary which makes it behave very much like a smooth map.

The development of logarithmic geometry, like that of any organism, be-
gan well before its official birth, and there are many classical methods to deal
with the problems of compactification and degeneration. These include most
notably the theories of toroidal embeddings, of differential forms and equa-
tions with log poles and/or regular singularities, and of logarithmic minimal
models and Kodaira dimension. Logarithmic geometry was influenced by all
these ideas and provides a language which incorporates many of them in a
functorial and systematic way which extends byeond the classical theory. In
particular there is a powerful version of base change for log schemes which
works in arithmetic algebraic geometry, the area in which log geometry has
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so far enjoyed its most spectacular applications.

Logarithmic structures fit so naturally with the usual building blocks
of schemes that is possible, and in most cases easy and natural, to adapt
in a relatively straightforward way many of the standard techniques and
intuitions of algebraic geometry to the logarithmic context. Log geometry
seems to be especially compatible with the infinitesimal properties of log
schemes, including the notions of smoothness, differentials, and differential
operators. For example, if X is smooth over a field k£ and U is the complement
of a divisor with normal crossings, then the resulting log scheme turns out to
satisfy Grothendieck’s functorial notion of smoothness. More generally any
toric variety (with the log structure corresponding to the dense open torus it
contains) is log smooth, and the theory of toroidal embeddings is essentially
equivalent to the study of log smooth schemes over a field.

Let us illustrate how log geometry works in the most basic case of a
compactification. If j: U — X is an open immersion, let My,x € Ox denote
the subsheaf consisting of the local sections of Ox whose restriction to U
is invertible. If f and g are sections of My, x, then so is fg, but f + g
need not be. Thus My, x is not a sheaf of rings, but it is a multiplicative
submonoid of Ox. Note that My, x contains the sheaf of units O%, and
if X is integral, the quotient My, x/O% is just the sheaf of anti-effective
Cartier divisors on X with support in the complement Z of U in X. By
definition, the morphism (inclusion) of sheaves of monoids oy x: My, x —
Ox is a logarithmic structure, which in good cases “remembers” the inclusion
U — X. In the category of log schemes, the open immersion j fits into a
commutative diagram

U —7e (X, ap/x)

TUu/x

X

This diagram provides a relative compactification of the open immersion j:
the map 7y, x is proper but the map 7 preserves the topological nature of j,
and in particular behaves like a local homotopy equivalence.

More generally, if X is any scheme, a log structure on X is a morphism
of sheaves of commutative monoids a: M — Ox inducing an isomorphism
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a1 (0%) — O%. We do not require a to be injective. For example, let S
be the spectrum of a discrete valuation ring R, let s be its closed point, let
o be its generic point, and let j: {o} — S be the natural open immersion.
The procedure described in the previous paragraph associates to the open
immersion j a log structure a: M — Og whose stalk at s is the inclusion
R — R, where R' := R\ {0}. A more exotic example (the “hollow log
structure”) is the map R’ — R which is the inclusion on the group R* of
units of R but sends all nonunits to 0 € R. Either of these structures can
be restricted to a log structure on s, and in fact they give the same answer,
a log structure a:i*M — k(s), where i*M is the quotient of R by the group
U of units congruent to 1 modulo the maximal ideal of R. Thus there is an

exact sequence
1 —k(s)" ="M —-N—=0

and « is the inclusion on k(s)* and sends all other elements of i*M to 0.

Perhaps the most important feature of log geometry is how well it works
in appropriate relative settings. Let S be the spectrum of a discrete valuation
ring as above and f: X — S a proper morphism whose generic fiber X, is
smooth and whose special fiber is a reduced divisor with normal crossings.
Then the addition of the canonical compacification log structures associated
with the open embeddings X, — X and {0} — S makes the morphism
(X, ax) — (S, as) smooth in the logarithmic sense. If in the complex ana-
lytic context we replace S by a small disc D, n by the punctured disc D*,
and write D'9 for an analytic incarnation of (D, ap«/p) then the restric-
tion of f to D* is a fibration, and the cohomology sheaves R?f,Z are locally
constant on D*. Since j: D* — D'%9 is a locally homotopy equivalence, the
locally constant sheaf R?f,Z extends canonically to D'9. This extension has
a geometric interpretation, coming from the fact that (X, ax) — (D, ap) is
smooth in the log world. In fact, the local system on D"9 can be entirely
computed from the logarithmic special fiber (X, ax,) — (s, ;). Arithmetic
analogies of this result are valid for étale, de Rham, and crystalline coho-
mologies, the last playing a crucial result in the formulation and proof the
the C conjecture [18].



Chapter 1

The geometry of monoids

1 Basics on monoids

1.1 Limits in the category of monoids

A monoid is a triple (M, %, e)r) consisting of a set M, an associative binary
operation x, and a two-sided identity element e,; of M. A homomorphism
0 : M — N of monoids is a function M — N such that 0(ey;) = ey and
O(m*m') = 0(m)x0(m’) for any pair of elements m and m’ of M. Note that
although the element e); is the unique two-sided identity of M, compatibility
of 6 with ej; is not automatic from compatibility with x. We write Mon for
the category of monoids and morphisms of monoids. All monoids we consider
here will be commutative unless explicitly noted otherwise.

We will often follow the common practice of writing M or (M, x) in place
of (M, x, ep) when there seems to be no danger of confusion. Similarly, if a
and b are elements of a monoid (M, *,eyr), we will often write ab (or a + b)
for a x b, and 1 (or 0) for eyy.

The most basic example of a monoid is the set N of natural numbers,
with addition as the monoid law. If M is any monoid and m € M, there is a
unique monoid homomorphism N — M sending 1 to m: N is the free monoid
with generator 1. More generally, if S is any set, the set N of functions
I:S — N such that I, = 0 for almost all s, endowed with pointwise addition
of functions as a binary operation, is the free (commutative) monoid with
basis S C N, The functor S — N is left adjoint to the forgetful functor
from monoids to sets.

Arbitrary projective limits exist in the category of monoids, and their

9
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formation commutes with the forgetful functor to the category of sets. In
particular, the intersection of a set of submonoids of M is again a submonoid,
and hence if S is a subset of M, the intersection of all the submonoids of M
containing S is the smallest submonoid of M containing S, the submonoid
of M generated by S. If there exists a finite subset S of M which generates
M, one says that M is finitely generated as a monoid.

Arbitrary inductive limits of monoids also exist. This will follow from
the existence of direct sums and of coequalizers. Direct sums are easy to
construct: the direct sum @ M; of a family {M; : i € I} of monoids is the
submonoid of the product []; M; consisting of those elements m such that
m; = 0 for almost all 7. The construction of coequalizers is more difficult,
and we first investigate quotients in the category of monoids.

If : P — M is a homomorphism of monoids, then the set E of pairs
(p1,p2) € P x P such that 6(p;) = 0(p2) is an equivalence relation on P
and also a submonoid of P x P, and if # is surjective, M can be recovered
as the quotient of P by the equivalence relation E. A submonoid E of
P x P which is also an equivalence relation on P is called a congruence
(or congruence relation) on P. One checks easily that if F is a congruence
relation on P, then the set P/E of equivalence classes has a unique monoid
structure making the projection P — P/E a monoid morphism. Thus there
is a dictionary between congruence relations on P and isomorphism classes
of surjective maps of monoids P — P’. The intersection of a family of
congruence relations is a congruence relation, and hence it makes sense to
speak of the congruence relation generated by any subset of P x P. One says
that a congruence relation E is finitely generated if there is a finite subset
S of P x P which generates E as a congruence relation; this does not imply
that S generates F as a monoid.

The following proposition, whose proof is immediate, summarizes the
above considerations.

Proposition 1.1.1 Let P — P’ be a surjective mapping of monoids, and
let E:= P xp P C P x P, i.e., the equalizer of the two maps P x P — P’.

1. F is a congruence relation on P.
2. P’ is the coequalizer of the two maps E — P.

Here is a useful description of the congruence relation generated by a
subset of P x P.



1. BASICS ON MONOIDS 11

Proposition 1.1.2 Let P be a (commutative) monoid.

1. An equivalence relation E C P x P is a congruence relation if and only
if (a +p,b+ p) € E whenever (a,b) € E and p € P.

2. If S is a subset of P x P, let Sp := {(a+ p,b+p) : (a,b) € S,p €
P}. Then the congruence relation E generated by S is the equivalence
relation generated by Sp. Explicitly, E is the union of the diagonal with
the set of pairs (z,y) for which there exists a finite sequence (s, . . ., Sp)
with sy = x and s, = y such that for every i > 0, either (s;_1,s;) or
(8i,8:—1) belongs to Sp.

Proof: Suppose that an equivalence relation F is closed under addition by
elements of the diagonal of P x P and that (a,b) and (¢,d) € E. Then
(a4 c¢,b+c¢) and (c+ b,d+b) € E, and since P is commutative and F is
transitive, (a + ¢,b+ d) € E. Since E contains the diagonal, the identity
element (0,0) of P x P belongs to F, so E is a submonoid of P x P, hence
a congruence relation. Conversely, if £ is a congruence relation, then for
any p € P, (p,p) € E, and hence if (a,b) € E, (a + p,b+ p) € E. This
proves (1). For (2), let £ denote the congruence relation generated by S and
E’ the equivalence relation generated by Sp; evidently E' C E. It follows
from the associative law that Sp is closed under addition by elements of the
diagonal of P x P. Hence if (sq,...,s,) is a sequence such that (s;_1,s;) or
(84,8i—1) € Sp for all i > 0, then (so+p,...s,+ p) shares the same property.
Thus if (z,y) € E' and p € P, then (z+ p,y+p) € E'. Then it follows from
(1) that E’ is a congruence relation, and so E' = E. O

Remark 1.1.3 If @) is an abelian group and F C ) X @) is a congruence
relation on @), then the image of E under the homomorphism h: Q & Q — Q)
sending (q1, ¢2) to g2 — ¢y is a subgroup K of Q, and E = h™}(K). Conversely
the inverse image under h of any subgroup of () is a congruence on ). This
simply makes explicit the familiar correspondence between quotients of @),
subgroups of (), and congruence relations on ).

If u and v are two morphisms of monoids () — P, one can construct the
coequalizer of u and v as the quotient of P by the congruence relation on P
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generated by the set of pairs (u(q),v(q)) for ¢ € Q. In general, a diagram of
monoids

Q—sP-“+R

is called ezxact if w is the coequalizer of u and v. The existence of arbitrary
inductive limits follows from the existence of direct sums and coequalizers of
pairs of morphisms by a standard construction.

A presentation of a monoid M is an exact diagram

L1:>>L04>M

with Lo and L, free. It is equivalent to the data of a map from a set I to M
whose image generates M and a map from a set J to N) x N) whose image
generates the congruence relation on N) defined by the surjective monoid
map NU) — M corresponding to the set map I — M. The monoid M is
said to be of finite presentation if it admits a presentation as above with L
and L; free and finitely generated. We shall see in (2.1.9) that in fact every
finitely generated monoid is of finite presentation.

The amalgamated sum Q; —— Q ~—=— Q5 of a pair of monoid morphisms
u;: P — Q);, often denoted simply by Q1 ®p @2, is the inductive limit of the

diagram Q; ~—— P —2+ Q. That is, the pair (vy,v,) universally makes the
diagram

Uy

P @
() (%1
v
Q———Q

commute, and can be viewed as the pushout of u; along uy or the pushout of
ug along uy. It can also be viewed as the coequalizer of the two maps (uy,0)
and (0,u2) from P to Q1 & Q3. As the following proposition shows, the
calculation of () is considerably simplified if one of the monoids in question
is a group. (See (4.3.2) for a generalization.)

Proposition 1.1.4 Let u;: P — @Q; be a pair of monoid morphisms, let ()
be their amalgamated sum, and let I/ be the congruence relation on ()1 & Qo
given by the natural map Q1 ® Q2 — Q.
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1. Let E' be the set of pairs ((q1,q2), (¢},q5)) of elements of Q1 & Qs
such that there exist a and b in P with ¢ + u1(b) = ¢| + ui(a) and
G2 + uz(a) = ¢4 + ua(b). Then E' is a congruence relation on Q1 ® Qo
containing E, and if any of P, ()1, or () is a group, then E = F'.

2. If P is a group, then two elements of ()1 & ()2 are congruent modulo £
if and only if they lie in the same orbit of the action of P on Q1 & Q2

defined by p(q1,q2) = (1 + u1(p), g2 + ua(—p)).

3. If P and Q; are groups, then so is ()1 ®p )2, which is in fact just
the fibered coproduct (amalgamated sum) in the category of abelian
groups.

Proof: 1f ¢1 +u1(b) = ¢} + ui(a) and ¢ + us(a) = ¢4 + us(b), we shall say
that “(a,b) links (¢1,¢2) and (g7, ¢5).” The set E’ is evidently symmetric and
reflexive. To prove the transitivity one checks immediately that if (a,b) links
(a1,42) and (¢}, gb) and (@', ) links (g}, ¢3) and (¢/,gZ), then (a +d, b+ V)
links (q1,¢2) and (¢f,q5). Moreover, if (a,b) links (¢1,¢2) and (¢}, ¢5) then
for any (g1, G2) € Q1 @ Q2, (a,b) links (¢1 + G1, 92 + ¢2) and (¢} + G1, q5 + Ga)-
Then by (1.1.2) E’ is a congruence relation on @7 @ Q». Furthermore, if
p € P, (p,0) links (u1(p),0) and (0,uz(p)), and since E is the congruence
relation generated by such pairs, £ C E’. If P or either ; is a group, then
v := v; ou; factors through the group Q* of invertible elements of Q. If (a,b)
links (q1, q2) and (g}, ¢5), we find that

vi(q1) +v2(ge) +v(a +b) = vi(qy) + v2(gs) +v(a +b),
and since v(a +b) € Q*, it follows that

vi(q1) + va(q2) = vi(qy) + va(gh).

Thus £’ C E. This proves (1), and (2) and (3) are immediate consequences.
[

Example 1.1.5 If we take ()2 = 0 in 1.1.4 one obtains the cokernel of the
morphism u;: P — @), or, equivalently, the coequalizer of u; and the zero
mapping P — ;. If P is a submonoid of )1, one writes ()1 — @/P for
this cokernel, and it follows from (1.1.4) that two elements ¢ and ¢’ of @,
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have the same image in @);/P if and only if there exist p and p’ in P such
that ¢ +p = ¢ +p'. If P’ is a submonoid of () containing P, then P'/P is
a submonoid of @);/P, and the natural map (Q,/P)/(P'/P) — Q1/P’ is an

isomorphism.

If S is a set, then the set of functions from S to itself forms a (not nec-
essarily commutative) monoid End(S) under composition. If ) is a monoid,
an action of @ on S is a morphism of monoids 0 from @ to End(S). In this
context we often write the monoid law on ) multiplicatively, and if ¢ € Q)
and s € S, gs for O5(q)(s). A Q-set is a set endowed with an action of @,
and Ensg will denote the category of ()-sets, with the evident notion of mor-
phism. If S is a @)-set and s € S, the image of the map ) — S sending ¢ to
¢s is the minimal Q-invariant subset of S containing s, called the trajectory
of sin S.

A basis for a Q-set (S, p) is a map of sets i: T — S such that the induced
map Q X T — S:(q,t) — p(q)i(t) is bijective; if such a basis exists, we say
that (S, p) is a free Q-set. A free Q-set with basis T — S satisfies the usual
universal property of a free object: to give a map of @Q-sets (S, p) — (5, )
is the same as to give a map of sets T — S’. If T is any set and if Q x T
is endowed with the action p defined by p(¢')(q,t) = (¢'q,t), then the map
T — @Q x T sending t to (1,¢) is a basis. Thus the functor taking a set T' to
the free Q)-set () x T is left adjoint to the forgetful functor from the category
of -sets to the category of sets. If GG is a group and S is a G-set, then S
has a basis as a G-set if and only if the action is free in the sense that gs = s
implies g = 1, but this equivalence is not true for monoids in general.

The category Ensg of ()-sets admits arbitrary projective limits, and their
formation commutes with the forgetful functor to the category of sets, since
the forgetful functor Ensg — Ens has a left adjoint. In particular, if S and
T are (Q-sets, then @) acts on S x T by q(s,t) := (gs, qt), and this action
makes S x T the product of S and 7" in Ensg,.

Inductive limits in the Ensg also exist. The direct sum of a family S; :
¢ € I is just the disjoint union, with the evident Q)-action. To understand
the construction of quotients in the category Ensg, note that if m:.S — T’
is a surjective map of )-sets, then the corresponding equivalence relation
E C § xS is a @-subset of S x S; such an equivalence relation is called
a congruence relation on S. Conversely, if £ is any congruence relation on
S, then there is a unique Q-set structure on S/E such that the projection
S — S/FE is a morphism of Q-sets. When S = @ acting regularly on itself,
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the notion of a congruence relation on ) as a monoid coincides with the
notion of a congruence relation as a @-set, thanks to (1.1.2). Furthermore,
the analog of (2) of (1.1.2) holds for @)-sets, and in particular the equivalence
relation generated by a subset of S x S which is stable under the diagonal
action of () is already a congruence relation. If v and v are two morphisms
S’ — S, the coequalizer of v and v is the quotient of S by the congruence
relation generated by {(u(s'),v(s")) : s € S'}.

Suppose that S, T, and W are @-sets. A Q-bimorphism S xT — W is by
definition a function 3: S x T — W such that 3(gs,t) = (s, qt) = q((s,t) for
any (s,t) € SxT and q € Q). The tensor product of S and T is the universal
@-bimorphism S x T' — S ®¢g T'. To construct it, begin by regarding S x T'
as a (-set via its action on S: ¢(s,t) := (gs,t), and consider the equivalence
relation R on S x T generated by the set of pairs

((QS,t),(S,qt)) S (SXT) X (SXT) forqE Q,S ES,tET

Note that this set of pairs is stable under the action of @), since if ¢ € Q,
and if ' := ¢'s, then ((¢'gs,t),(¢'s,qt)) = ((¢5',t), (s, qt)). It follows that
the equivalence relation R is a congruence relation. Then the projection
m:SXT — (SxT)/Ris a Q-bimorphism and satisfies the universal mapping
property of the tensor product. If () is a (commutative) group, then S ®¢q T
can be constructed in the usual way as the orbit space of the action of () on
S x T given by q(s,t) := (gs,q 't).

Suppose that 6: () — P is a monoid homomorphism. Then 6 defines
an action of @ on P by qp := 0(q)p. If T is a @-set, the tensor product
P ®¢ T has a natural action of P, with p(p' ® t) = (pp’ ® t), and the map
T — P®gT sending t to 1®t is a morphism of ()-sets over the homomorphism
6. If R is the @-set defined by a monoid homomorphism ) — R, then
(p@7r)(p ®@r'") = (pp’ @ rr’) is the unique monoid structure on P ®¢ R for
which the natural maps P — P ®¢g R and R — P ®¢g R are homomorphisms
and such that the P-set structure defined above is compatible with the P-set
structure coming from the homomorphism P — P ®¢g R. It can be checked
that this monoid structure makes P ®¢ R into the amalgamated sum of P
and R along Q.

Definition 1.1.6 Let ) be a monoid and let S be a ()-set. The transporter
of S is the category 1S whose objects are the elements of S, and for which
the morphisms from an object s to an object t are the elements q of () such
that qs = t, with composition defined from the multiplication law of (). The
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transporter of a monoid () is the transporter of () regarded as a ()-set, and
is denoted simply by 7 Q).

Recall from [1, 1,2.7]. that a category is said to be filtering if it satisfies
the following conditions:

1. For any diagram of the form

§ — 11

U2

lo
there exist morphisms vy:t; — ¢t and vy: t9 — t such that viu; = vous.

2. For any diagram

Pp——)
v

there exists a morphism w:t — t’ such that wou = wow.

3. The category is (nonempty and) connected, i.e., any two objects can
be joined by a chain of arrows (in either direction).

The transporter category of any @-set S satisfies (1), and the transporter
category of () is filtering.

Associated with the category 7S is a partially ordered set which is worth-
while making explicit.

Definition 1.1.7 Let () be a monoid and S a Q-set. If s and t are elements
of S, we write s < t if there exists a ¢ € () such that gs = t, and s ~ t if
s<tandt <s.

It is clear that if s < t and t < w, then s < w, and that for every
s € 5, s <s. Thus the relation < defines a preordering on S. The relation
~ is a congruence relation on S, and the relation < on S/ ~ is a partial
ordering. We shall use this notion especially when S = @) with the regular
representation. Since ~ is a congruence relation, it follows from 1.1.2 that
()/ ~ inherits a monoid structure.
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1.2 Integral, fine, and saturated monoids

If M is any commutative monoid, there is a universal morphism A\, from M
to a group M. That is, M9 is a group, A\yr: M — M9 is a homomorphism
of monoids, and any morphism from M to a group factors uniquely through
Ay- Thus, the functor M — M9 is the left adjoint of the inclusion functor
from the category of groups to the category of monoids; since it has a right
adjoint, it automatically commutes with the formation of direct limits. In
fact, M9 can be identified with the cokernel (1.1.5) of M x M by the diagonal,
and Ay with the composite of (idys, 0) and the projection M x M — M X
M /Ay One can also construct M9 as the set of equivalence classes of pairs
(x,y) of elements of M for which (z,y) is equivalent to (z,%’) if and only if
there exists z € M such that x +y'+ z = 2’ + y + 2. The explicit description
of the equivalence relation in (1.1.5) shows that the two constructions are in
fact the same. One writes x — y for the equivalence class containing (z,y),
and (z —y) + (' —y) = (z +2') = (y +¢).

If M is a monoid, let M* denote the set of all m € M such that there
exists an n € M such that m +n = 0. Then M* forms a submonoid of M.
It is in fact a subgroup—the largest subgroup of M. We call it the group
of units of M; it acts naturally on M by translation. One says that M is
quasi-integral if this action is free, i.e., if whenever v € M* and © € M,
u + x = x implies that v = 0. If G is any subgroup of M, the orbit space
M /G can be identified with the quotient in the category of monoids discussed
in (1.1.5). In particular,we write M for M/M*. If M is quasi-integral, the
map M — M makes M an M*-torsor over M. A monoid M is called sharp
if 0 is its only unit. For any monoid M, the quotient M is sharp, and the
map M — M is the universal map from M to a sharp monoid.

A monoid M is called integral if the cancellation law holds, i.e., if t+y =
2’ + y implies that x = 2/. Evidently any integral monoid is quasi-integral.
The universal map Ay: M — M9 is injective if and only if M is integral, and
the induced map M* — M9 is injective if and only if M is quasi-integral.
For any monoid M, the monoid M/ ~ (see (1.1.7)) is sharp, and if M is
integral, the natural map M/M* — M/ ~ is an isomorphism.

The inverse limit of a family of integral monoids is again integral. For-
mation of M9 commutes with direct products but not with fibered products
in general. For example, let s:N? — N be the map taking (a,b) to a + b
and let ¢ be the map taking (a,b) to 0. Then the equalizer of s and t is
zero. However, the equalizer of the associated maps on groups Z? — Z is
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the anti-diagonal Z — Z? (sending ¢ to (¢, —c).) On the other hand, it is
true that an injective map M — N of integral monoids induces an injection
M9 —s N9P.

Proposition 1.2.1 If () is an integral monoid and P is a submonoid, the
natural map Q/P — Q9% /P is injective. Thus )/ P is integral and can be
identified with the image of () in Q% /P9%. A monoid @) is integral if and
only if it is quasi-integral and () is integral.

Proof: 1f g and ¢’ are two elements of () with the same image in Q9% /P9,
then there exist p and p’ such that ¢ — ¢’ = p—p’ in Q9. Since @ is integral,
g+p =¢ +pin Q. Then it follows from (1.1.5) that ¢ and ¢’ have the same
image in Q/P. In particular, if Q is integral, so is Q. Conversely, suppose
that @ is quasi-integral and @ is integral, and that ¢, ¢ and p are elements
of Q with ¢ +p = ¢ + p. Since @ is integral, there exists a unit u such that
¢ =q+u. Then ¢ +p =g+ p+ u. Since @ is quasi-integral, u = 0 and
g = ¢'. This shows that @ is integral. O

Let Mon™ denote the full subcategory of Mon whose objects are the
integral monoids. For any monoid M, let M™ denote the image of \y;: M —
M9, Then M +— M™ is left adjoint to the inclusion functor Mon™ —
Mon.

Proposition 1.2.2 Let () be the amalgamated sum of two homomorphisms
u;: P — Q; in the category Mon. Then Q™ is the amalgamated sum of
ult: P — QI in the category Mon™', and can be naturally identified with
the image of Q in QY @pewr Q. If P, )1, and @, are integral and any of
these monoids is a group, then () is integral.

Proof: The fact that Q™ is the amalgamated sum of u™ in Mon™" is a for-
mal consequence of the fact that M — M™ preserves inductive limits. More-
over, since M — M9 also preserves inductive limits, Q% = Qi Gpor QFF. Tt
follows that Q™ is the image of Q in Q% = Q¥ ®pew Q3. Now suppose that
any of P and @Q; is a group and that (q1,¢2) and (g}, ¢5) are two elements of
(1 © Q2 with the same image in Q. Then vi(q1) + va2(g2) = vi(q1) + va(gs)
in Q% and so there exist elements a and b in P such that (¢} — q1,¢5 — q2) =
(u1(a—=b),uz(b—a)). Then ¢y +u1(b) = 1 +uz(a) and g3 +uz(a) = g2 +ur(b).
It then follows from (1.1.4) that vy(q1) 4+ v2(q2) = v1(q}) + v2(¢5) in Q. Thus
the map Q — QYF ®psr QY is injective and @ is integral. O
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A monoid M is said to be fine if it is finitely generated and integral. A
monoid M is called saturated if it is integral and whenever x € M9 is such
that maz € M for some m € Z*, then x € M. For example, the monoid of
all integers greater than or equal to some natural number d, together with
zero, is not saturated if d > 1.

Proposition 1.2.3 Let M be an integral monoid.
1. The natural map M9 /M* — M is an isomorphism.
2. If M is saturated, M is torsion free.

3. The set M of all elements x of M9 such that there existsn € Z with
nx € M is a saturated submonoid of M9, and the functor M — M
is left adjoint to the inclusion functor from the category Mon™' of
saturated monoids to Mon™.

4. M is saturated if and only if M is saturated.

5. The natural map M®*/M* — M*™ is an isomorphism. Furthermore,
every unit of s torsion, and the natural map

Mt — M

is an isomorphism.

Proof: Suppose that @1, 2, € M and @y — 7 maps to zero in M”. Since
M C Mgp Z1 = Ty € M, and hence there exists a u € M* with 2y = u + 2.
Then zo — x; = u € M*. This proves (1). Suppose M is saturated and
x € M9 maps to a torsion element of M*. Then nx € M* for some n € Z+,
and since M is saturated, x € M. The fact that ne € M* now implies that
x € M*. Thus M* is torsion free. If x and y are elements of M with
mxz € M and ny € M, then mn(z + y) € M, and it follows that M®* is a
submonoid of M9. Hence (M?®*)9% = M9 and if x € M** and nx € M,
then there exists an m € Z* with mnx € M. It follows that x € M5 so M5
is saturated. The verification of the adjointness of the functor M — M is
immediate, as is that of (4). It is clear that M /M* — M*™ is surjective,
and the injectivity follows from the injectivity of the map M9 /M* — M.
If x € M** and 7 is a unit of Msat, then there also exists an element y of
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M=% with x +y € M*. Then there exist m and n in Z* such that mz and
ny belong to M. But then mnx + mny € M*, and hence mnx is a unit of
M. This shows that 7 is a torsion element of M"". Tt is clear that the map
in (5) is surjective. Suppose that x and y are two elements of M®*" with the

same image in M™. Then z — y € M9 maps to a unit of Fat, and hence to
a torsion element of A" C M. Hence mz — my € M* for some m. Then
my —mx € M* also, so x — y is a unit of M*** and z and y have the same

image in Ms2t. The proves the injectivity. O]

Monoids which are both fine and saturated are of central importance in
logarithmic geometry, and are often called normal or fs-monoids. A monoid
P is said to be toric if it is fine and saturated and in addition P9 is torsion
free; in this case P9 can be viewed as the character group of an algebraic
torus. The schemes arising from toric monoids form the building blocks of
toric geometry.

A monoid M is said to be valuative if it is integral and for every x € M9P,
either x or —z lies in M. This is equivalent to saying that the preorder
relation (1.1.7) on M9 defined by the action of M is a total preorder. The
monoid N is valuative, and if V is a valuation ring, the submonoid V' of
nonzero elements of V' is valuative. Every valuative monoid is saturated.

If R is any commutative ring, its underlying multiplicative monoid (R, -, 1)
is not quasi-integral unless R* = {1}, since u -0 = 0 for any v € R*, and it
is not integral unless R = {0}, since 0-0 = 1-0. On the other hand, the set
R’ of nonzero divisors of R forms an integral submonoid of the multiplicative
monoid of R. For example, Z' = Z//(+) is a free (commutative) monoid,
generated by the prime numbers. If R is a discrete valuation ring, R =R /R*
is freely generated by the image of a uniformizer of R’. Although there is a
unique isomorphism of monoids R'/R* = N, it is not functorial: if R — S
is a finite extension of valuation rings with ramification index e, the induced
map B — S sends the unique generator of R to e times that of 5.

1.3 Ideals, faces, and localization

Definition 1.3.1 An ideal of a monoid M is a subset I such that x € I and
y € M implies x +vy € I. An ideal I is called prime if [ # M and x +y € I
impliesx € I ory € I. A face of a monoid M is a submonoid F' such that
xr +y € F implies that both x and y belong to F'.
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Observe that a face is just a submonoid whose complement is an ideal,
and a prime ideal is an ideal whose complement is a submonoid (hence a
face). Thus p +— Fp := M \ p gives an order reversing bijection between the
set of prime ideals of M and the set of faces of M. The empty set is an
ideal of M—the unique minimal prime ideal. The set of units M* is a face
of M, and in fact is contained in every face. Its complement, the set Mt of
all nonunits of M, is a prime ideal of M, and in fact contains every proper
ideal of M. Thus M™ is the unique maximal ideal of M; in many respects a
monoid is analogous to a local ring. In particular, a monoid homomorphism
0: M — N is said to be local if 671(N*) = M™T. The notion of a face of
a monoid corresponds to the notion of a saturated multiplicative subset of
a ring; we do not use this terminology here because of its conflict with the
notion of a saturated monoid defined above.

The union of a family of ideals is an ideal, the union of a family of prime
ideals is a prime ideal, and the intersection of a family of faces is a face.
The intersection (7T') of all the faces containing some subset 7" of M is a
face, called the face generated by T. it is analogous to the multiplicatively
saturated set generated by a subset of a ring. The interior I; of a monoid
M is the set of all elements which do not lie in a proper face of M, i.e., the
intersection of all the nonempty prime ideals of M.

We denote by Spec(M) the set of prime ideals of a monoid. If I is an
ideal of M and Z(I) denotes the set of primes of M containing I, one finds
in the usual way that the set of subsets Z(I) of Spec(M) defines a topology
on S := Spec(M) (the Zariski topology), in which the irreducible closed
sets correspond to the prime ideals. Since M has a unique minimal prime
ideal, Spec(M) has a unique generic point, and in particular is irreducible.
If f € M and F'is the face it generates, then

Sp={p:fgpt={p:pNF =0}

is open in S, and the set of all such sets forms a basis for the topology on S.

If : M — N is a morphism of monoids, then the inverse image of an
ideal is an ideal, the inverse image of a prime ideal is a prime ideal, and the
inverse image of a face is a face. Thus 6 induces a continuous map

Spec(N) — Spec(M) 1 p 07 (p).

The preorder relation (1.1.7) is useful when describing ideals and faces of
a monoid.
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Proposition 1.3.2 Let S be a subset of a monoid () and let P be the
submonoid of () generated by S.

1. The ideal (S) of Q) generated by S is the set of all ¢ € () such that
q > s for some s € S.

2. The face (S) of Q) generated by S is the set of elements q of Q) for which
there exists a p € P such that ¢ < p. In particular, the face generated
by an element p of () is the set of all elements q € () such that ¢ < np
for some n € N.

3. If Q) is integral, then )/ P is sharp if and only if P9* N (Q) is a face of Q.
In particular, if F' is a face of @), then QQ/F' is sharp.

Proof: The first statement follows immediately from the definitions. For
the second, note that a submonoid F' of () is a face if and only if ¢ < f
with f € F implies that ¢ € F'. Hence (S) contains the set P’ of all ¢ € @
such that there exists a p € P with ¢ < p. Since in fact P’ is necessarily a
submonoid of @, it is also a face, so P’ = (S). If @ is integral, /P can be
identified with the image of @) in Q9 /P9 by 1.2.1. Thus an element g € Q)
maps to a unit in @/ P if and only if there exists an element ¢’ € @ such that
q+q € P%, j.e., if and only if ¢ < ¢” for some ¢” € Q N PY%. This shows
that @/ P is sharp if and only if Q N P9 is a face of Q). Finally, note that if
F is a face of ), and ¢ € Q N F%, then ¢ + f € F for some f € F, hence
qe F. O

Proposition 1.3.3 Let M be a monoid, S a subset of M, and EE an M -set.
Then there exists an M-set S~'E on which the elements of S act bijectively
and a map of M-sets \g: E — S~'E which is universal: for any morphism of
M-sets E — E’ such that each s € S acts bijectively on E', there is a unique
M-map S™'E — E’ such that

As

E S7'E

E/

commutes. The morphism A\g is called the localization of E by S.
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Proof: Let us write the monoid law on M multiplicatively and 0g for the
action of M on E. Let T be the submonoid of M generated by S. The set
S~1E can be constructed in the familiar way as the set of equivalence classes
of pairs (e,t) € E x T, where (e, t) = (¢/,t) if and only if §(t't")e = O(tt")e’
for some ¢ in T. Then Ag(e) is the class of (e, 1), and the action of an
element m of M sends the class of (e, t) to the class of (0(m)e, t). O

Notice that in fact every element of the face F' generated by S acts bijectively
on S7'E, so that in fact S™'E = F~1E. Indeed, let E’ be any M-set such
that g (s) is bijective for every s € S. If f € F, then f <t for some ¢ in the
submonoid T of M generated by S. Thus t = fm for some m € M. Then
Op (t) = O0p/ (f)0p(m) = 0 (m)0p (f), and since O (t) is bijective, the same
is true of Og/(f). If p:= M \ F is the prime ideal of M corresponding to F,
one often writes Ejy instead of S™'E. An M-set E is called M -integral if the
elements of M act as injections on E. If this is the case, the localization map
As: E — S7LE is injective, for every subset S of M.

The most important case of (1.3.3) is the case where E is M itself with
the action of M on itself by translations. Then S™'M has a unique monoid
structure for which \g is a morphism of monoids compatible with the M-set
structure defined above. The morphism Ag: M — S~1M is also characterized
by a universal property: any homomorphism \: M — N with the property
that A\(s) € N* for each s € S factors uniquely through S™'M. If M is inte-
gral the natural map S™'M — MY is injective, and S™'M can be identified
with the set of elements of M9 of the form m —t with m € M and t belong-
ing to the submonoid of M generated by S. If : M — N is a morphism of
monoids and S is a subset of M we write S™'N to mean the localization of
N by the image of S, when no confusion can arise.

Let M be a monoid and S := Spec M. If f and g are elements of M,
then S, C Sy if and only if f € (g). If this is the case, then there is a unique
homomorphism My — M, making the diagram

M M;

M,

g

commute. Thus Sy — M; defines a presheaf on the base {S; : f € M} for
the Zariski topology on S, and we let Mg denote the corresponding sheaf.
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For each f € M. the prime p := M \ (f) is the unique closed point of Sy,
and it follows that

T(Sp, Ms) = Mgy = Mg = M;.

Definition 1.3.4 A locally monoidal space is a topological space S together
with a sheaf of monoids Ms. A morphism of locally monoidal spaces

f:(S, Mg) — (T, Mr)

is a pair (f, f°), where f: S — T is a continuous map and f’: Mp — f.Mg
is a morphism of sheaves of monoids, such that for each t € T, the map
ff: Mpy — Mg, is a local homomorphism.

A morphism of monoids : M — N induces a morphism of locally monoidal
spaces Spec N — Spec M. Locally monoidal spaces which are locally of the
form Spec M are sometimes called “schemes over F;” (see [3]).

Remark 1.3.5 The localization of an integral (resp. saturated) monoid is
integral (resp. saturated), but the analog for quasi-integral monoids fails, as
the following example shows.

Let @ and P be monoids and let K be an ideal of (). Let E be the subset
of (P & Q)? consisting of those pairs (p @ ¢,p’ @ q) such that either p = p’
or ¢ € K. In fact F is a congruence relation on P & (), and we denote the
quotient (P®Q)/E by Pk Q (the join of P and Q along K). If K is a prime
ideal with complement F', then P xx () can be identified with the disjoint
union of P x F with K, and (p, f) + k = f + k. Then N xn+ N is quasi-
integral, but its localization by the element 1 of the “first” N is Z xn+ N,
which is not quasi-integral.

Definition 1.3.6 Let M be a monoid.

1. The dimension of M is the Krull dimension of the topological space
Spec(M), i.e., the maximum length d of a chain of prime ideals

@IponlC“'de:MJr.
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2. Ifp € Spec(M), ht(p) is the maximum length of a chain of prime ideals

P="Po2p1 O D Ph

If p is a prime ideal of M, the map Spec(Mp) — Spec(M ) induced by the
localization map A: M — My is injective and identifies Spec(My) with the
subset of Spec(M) consisting of those primes contained in p. Equivalently,
F — X7Y(F) is a bijection from the set of faces of My to the set of faces of
M containing M \ p. These bijections are order preserving. In particular, we
have ht(p) = dim(My). If M is fine, Spec(M) is a finite topological space,
and is catenary, of [8, 14.3.2, 14.3.3]), as the following proposition implies.
We defer its proof until section (2.3), after (2.3.6).

Proposition 1.3.7 Let M be an integral monoid.
1. Spec M is a finite set if M is finitely generated.

2. dim(M) < rankM?, where M” = M9 /M*, with equality if M is fine.

3. If M is fine, every maximal chain py, C p; C --- C pg of prime ideals
has length dim(M), and for any p € Spec M,

ht(p) = rankMy = dim(M) — dim(Fp).

Examples 1.3.8 The monoid N has just two faces, {0} and N. More gen-
erally, let S be a finite set and let M = N, the free monoid generated by
S. If T is any subset of S, N(™) can be identified with the set of all I € N
such that I, = 0 for s € T. This is a face of M, and every face of M is
of this form. A more complicated example is provided by the monoid P
which is given by generators x,y, z, w subject to the relation x +y = z + w.
This is the amalgamated sum N? &n N2, where both maps N — N? send 1
to (1,1). This monoid is isomorphic to the submonoid of N* generated by
{(1,1,0,0),(0,0,1,1),(1,0,1,0),(0,1,0,1)} and to the submonoid of Z* gen-
erated by {(1,1,1),(—1,-1,1),(1,—1,1),(—=1,1,1)}. In addition to the faces
{0} and P, it has four faces of dimension one, corresponding to each of the
generators, and four faces of dimension two: (x, z), (x,w), (y, 2), (y, w). For
yet another example, consider the monoid @) given by generators z, ¥, z, u, v
subject to the relations x 4+ y + z = v+ v. This four-dimensional monoid has
five faces of dimension one and nine of dimensions two and three.
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2 Convexity, finiteness, and duality

2.1 Finiteness

Proposition 2.1.1 A quasi-integral monoid is finitely generated as a monoid
if and only if M* is finitely generated (as a group) and M is finitely generated
(as a monoid).

Proof: 1f M is finitely generated as a monoid, then M is finitely generated
as a group. Since M is quasi-integral, M* C M9 and it follows that M*
is finitely generated as a group. Since M — M is surjective, M is finitely
generated as a monoid. For the converse, suppose {s;} is a finite set of
generators for the group M* and {¢;} is a finite subset of M whose images in
M generate M as a monoid. Then {s;, —s;,t;} generates M as a monoid. [J

Recall that if x and y are two elements of a monoid M, we write z < y
if there exists a z € M such that y = x 4+ 2. If S is a subset of a monoid
M and s € S, we say that s is a minimal element of S (or M-minimal if we
need to specify the monoid) if whenever s’ € S and s’ < s, then also s < ¢
(so that s ~ &’ in the equivalence relation corresponding to <).

An M-minimal element of the maximal ideal M™ of an integral monoid
M is called an irreducible element of M. An element c of M is irreducible if
and only if it is not a unit and whenever ¢ = a + b in M, a or b is a unit.

Proposition 2.1.2 Let M be a sharp integral monoid. Then every set of
generators of M contains every irreducible element of M. If in addition M
is finitely generated, then the set of irreducible elements of M is finite and
generates M.

Proof: The first statement is obvious. Suppose now that M is finitely
generated. It is clear that every finite set of generators contains a minimal
set of generators. Let S be such a minimal set; we claim that every element
x of S is irreducible. If z = y+ 2z with y and z in M, we can write y = > a,s
and z = >, bss, where as and b, € N for all s € S. Then z = Y, ¢gs, where
cs = as+0bs. Let S := S\ {x}, sothat (1 —c,)x =Y {css: s € '} in M. If
¢z > 1 we see that x is a unit, and since M is sharp, z = 0 and S” generates
M, a contradiction. If ¢, = 0, v = > {css : s € S’}, again contradicting the
minimality of S. It follows that ¢, = 1, and hence > {ass+bss : s € S’} = 0.
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Since M is sharp, this implies that a;s = bss = 0 for all s € S’. Then y = a,x
and z = b,x, where a, + b, = 1. Thus exactly one of y and z is zero, so x is
irreducible, as claimed. Since S contains all the irreducible elements of M,
there can be only finitely many such elements. ]

Corollary 2.1.3 The automorphism group of a fine sharp monoid is finite,
contained in the permutation group of the set of its irreducible elements.

Remark 2.1.4 Proposition (2.1.2) shows that every element in a fine sharp
monoid can be written as a sum of irreducible elements. In fact a stan-
dard argument applies somewhat more generally. Let M be a sharp integral
monoid in which every nonempty subset contains a minimal element. Then
every element of M can be written as a sum of irreducible elements. (Note
that 0 is by definition the sum over the empty set of irreducible elements.)
Let us recall the argument. We claim that the set S of elements of M™
which cannot be written as a sum of irreducible elements is empty. If not,
by assumption it contains a minimal element s. Since s is not irreducible,
s = a+ b where a and b are not zero. If both a and b can be written as sums
of irreducible elements, then the same is true of s, a contradiction. But if
for example a cannot be written as a sum of irreducible elements, a € S and
a < s with s not less than or equal to a, a contradiction of the minimality of
s.

Proposition 2.1.5 Let M be a finitely generated monoid.

1. Any sequence (s(1),s(2),...) of elements of M contains an increasing
subsequence (s(i1) < s(iz) < s(iz) < ---).

2. Any decreasing sequence s(1) > s(2) > s(3),... in M lies eventually in
a single equivalence class for the relation ~.

3. Any nonempty subset S of M contains a minimal element, and there
are only finitely many equivalence classes (for the relation ~) of such
elements.

4. If M is integral and sharp, any decreasing sequence in M is eventually
constant, and any nonempty subset of M has a finite nonzero number
of minimal elements.
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Proof: We begin by proving (2.1.5.1), which was pointed out to us by H.
Lenstra, when M = N". Let s; := pry os be the sequence of first coordinates
of s. Let n; denote the minimum of the set of all s;(¢) for i € Z*, and
choose i1 with s1(i;) = ny. Let ny be the minimum of the set of all s;(7)
with ¢ > 71, and choose iy > i1 with $1(i2) = ny. Continuing in this way, we
find a sequence 1 < i; < iy < --- such that s1(i;) < s1(iz) < ---. Replacing
s by its subsequence s(iy), s(is), . . ., we may assume that s has the property
that s; is increasing. Now repeat this process with the sequence of second
coordinates, and we find that both s; and s, are increasing. After doing
this with each 7 in succession, we find that s; is increasing for every ¢, and
hence that s is increasing. If M is any finitely generated monoid, there is a
surjective morphism 6: N” — M and any sequence s in M can be lifted to a
sequence t in N”. We have just seen that ¢ has an increasing subsequence t’,
and the image of ' in M is an increasing subsequence of s.

The remaining statements are formal consequences of the first. To prove
(2), we may replace M by its quotient M/ ~, so that the preorder relation
< is in fact an order relation. Let s. be a decreasing sequence in M. By (1),
s. has an increasing subsequence s;, which must in fact be constant. Since
the original sequence is increasing, it follows that s(i;) = s(i) for all i > iy,
so s. is eventually constant.

If S is a nonempty subset of M, choose any element s(1) of S. If s(1)
is M-minimal, we are done; if not there exists an element s(2) of S such
that s(2) < s(1) and s(2) 2 s(1). If s(2) is M-minimal, we are done, and
if not there exists s(3) with s(3) < s(2) and s(3) 2 s(2). Continuing in
this way, we find a decreasing sequence s(1),...,s(n) of elements of S with
s(i) 2 s(i—1) fori=1,...,n. By (2), such a sequence must terminate, and
then s(n) is an M-minimal element of S. If there were an infinite number
of equivalence classes of such minimal elements, we could find an infinite
sequence s of elements all belonging to distinct equivalence classes, and by
(1) such a sequence would contain an increasing subsequence s. But then
s(1) < s(2) and s(1) % s(2), contradicting the minimality of s(2). This
proves (3), and (4) follows. O

Remark 2.1.6 An action of a monoid ) on a set S defines a preorder < on
S: s <t if there exists ¢ € () such that ¢ + s = t. If we let Q) act on itself
via the regular representation, this definition is the same as the preorder
relation used for monoids. If h: S — T is a morphism of Q-sets, then s < s’
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implies h(s) < h(s’), and conversely if h is injective. Furthermore, if @ is
finitely generated, statements (1), (2), and (3) make sense and are valid for
any finitely generated @-set S. To see this, use the fact that if S is finitely
generated as a (J-set, then there exists » € N and a surjective map of (J-sets
f:U.Q — S, where U,.Q is the disjoint union of r copies of () acting regularly
on itself. A sequence of elements of S admits a subsequence which lies in the
image of one of the copies of Q. Thus (1) for S follows from (1) for @, and
(2) and (3) are formal consequences.

Remark 2.1.7 Let S be a nonempty subset of a monoid M, and suppose
that M is a submonoid of a fine sharp monoid N. Since N is fine, Propo-
sition 2.1.5 shows that S contains an N-minimal element s, and such an
element is also necessarily M-minimal. (If s = m + s’ with m € M and
s’ € S, then there exist n € N such that s’ = n + s, hence m +n = 0 and
m =n = 0.) In particular, Remark 2.1.4 implies that M is generated by its
irreducible elements. On the other hand, M-minimal elements of S need not
be N-minimal, and it could happen that S has an infinite number of mini-
mal elements and that M has an infinite number of irreducible elements. For
example, in N := N x N, consider the submonoid M of N x N consisting
of (0,0) together with all pairs (m,n) such that m and n are both positive.
(This submonoid is even a congruence relation on N; the quotient N/M is
the unique (up to isomorphism) monoid with two elements which is not a
group.) Then for every m > 0, the element (1,m) is irreducible in M, and in
particular M is not finitely generated as a monoid. This situation is illumi-
nated by the notion of exactness, which will turn out to be of fundamental
importance in logarithmic geometry.

Definition 2.1.8 A morphism of monoids f: M — N is exact if the diagram

f

M N

fgp

M9P N9P

is Cartesian.
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Note that the diagonal morphism A,: M — M x M is exact if and only
if the map M — M9 is injective, i.e., if and only if M is integral. If M and
N are integral, then f is exact if and only if whenever x and y are elements
of M, f(x) < f(y) implies that x < y. If M is a submonoid of an integral
monoid N, then M — N is exact if and only if M = M9 N N. It follows
immediately that if N/ — N is any morphism of integral monoids, the inverse
image in N’ of an exact submonoid of N is an exact submonoid of N’. Note
also that if M is integral, the canonical morphism M — M is exact.

Theorem 2.1.9

1. Every ideal in a finitely generated monoid is finitely generated (as an
ideal).

2. Every exact submonoid of a fine (resp. saturated) monoid is fine (resp.
saturated).

3. A face of an integral monoid is an exact submonoid. Every face of a

fine monoid is finitely generated (as a monoid), and monogenic (as a
face).

4. Every localization (1.3.3) of a fine monoid (resp. saturated) is fine
(resp. saturated).

5. The equalizer of two maps of integral monoids P — M is an exact
submonoid of P x P. The equalizer of two maps from a fine (resp.
saturated) monoid to an integral monoid is fine (resp. saturated).

6. The fiber product of two fine (resp. saturated) monoids over an integral
monoid is fine (resp. saturated).

7. Any congruence relation on a finitely generated monoid P is finitely
generated (as a congruence relation). In particular, any finitely gener-
ated monoid is finitely presented.

8. Let P and () be monoids. If () is fine and P is finitely generated,
Hom(P, Q) is also fine. If Q) is saturated, Hom(P, Q)) is also saturated.

Proof: First observe that any ideal I of a finitely generated monoid M is
generated by the set S of its minimal elements. Indeed, if I’ is the ideal of
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M generated by S, then I’ C I, and if I \ I’ is not empty, (2.1.5.3) implies
that it contains a minimal element ¢. Since ¢ does not belong to S, it is not
minimal as an element of I, so there exists some ¢ € I such that ¢ < ¢ and
t £ q. The minimality of ¢ in I\ I’ implies that ¢ & I\ I'. But then g € I’ and
consequently also ¢ € I’, which is a contradiction. Notice that two elements
s and s' of S with s ~ s’ generate the same ideal. Thus a subset T of S
containing one element from each equivalence class will still generate I and
will be finite by (2.1.5.3).

Next we observe that if S is a subset of an exact submonoid M of a fine
sharp monoid N, the set of M-minimal elements of S is finite. In fact, if x
and y are two elements of M and z < y in N then also <y in M. Thus
any M-minimal element of S is also N-minimal, and by (2.1.5) the set of
these is finite. In particular, the set of irreducible elements of M is finite,
and by (2.1.4) it follows that M is finitely generated. This proves that every
exact submonoid of a fine sharp monoid is finitely generated. Slightly more
generally, if M is an exact submonoid of any fine monoid N, we can choose
a surjection N” — N, and the inverse image M’ of M in N” is an exact
submonoid of N”. It follows that M’ is finitely generated, and hence so is
M. Suppose now that M is an exact submonoid of a saturated monoid N
and x € M9 with nx € M for some n € ZT. Then x € NN M9 = M, so
M is also saturated. This proves (2).

Let F' be a face of an integral monoid M, let x and y be elements of F',
and suppose z :=x —y € M. Then z = y + 2z € F, and since F' is a face, it
follows that z € F. Thus F'is an exact submonoid of M, and hence is finitely
generated as a monoid. If fi,..., f, are generators, then f := fi +---+ f,
generates F' as a face of M. If S C M is a finite set of generators of M, then
F~'M is generated by the set of elements A(s),s € S together with —A(f),
where f is any generator of F' as a face. This proves the third and fourth
statements, since localization preservations saturation.

Let E — P be the equalizer of two maps #; and 6y from P to M, with
P and M integral. Then E — P is just the pullback of the diagonal A,
via the map (01,05): P — M x M, and since Ay, is exact, so is £ — P.
This proves the fifth statement, since an exact submonoid of a fine (resp.
saturated) monoid is fine (resp. saturated). The sixth follows because the
product of two fine (resp. saturated) monoids is fine (resp. saturated).

The following short proof of (7) is due to Pierre Grillet [6]. We may
assume without loss of generality that P is finitely generated and free, hence
isomorphic to N". If p and ¢ are elements of P, write p < ¢ if p precedes
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q in the lexicographical order of N", and write p < ¢ if in addition p # q.
If p2qgandp X ¢, then p+p < g+ ¢, and if p < ¢ in the partial order
defined by the monoid structure, then p < ¢. The order relation < is a well-
orders N": every nonempty subset has a unique <-minimal element. If F is a
congruence relation on P and p € P, let E(p) denote the E-congruence class
of p, and let u(p) denote the <-minimal element in F(p). The complement
K of the image of u: P — P is the set of all elements k of P such that
p(k) < k. Note that if p € P and u(k) < k, then u(k) +p < k + p, and
since (u(k) + p) =g (K + p), k + p is not <-minimal in E(k + p). Thus
pu(k 4+ p) < k+pand so K is an ideal of P. The congruence relation E’ on
P generated by the set of pairs (s, u(s)) with s taken from a finite set S of
generators for K is finitely generated and contained in F, so it will suffice
to prove that E C E’, i.e., that E’ contains (z,u(z)) for every x € P. If
this fails, there exists an x such that p(z) ¢ E’(x) and which is <-minimal
among all such elements. Evidently x does not belong the image of u, so
r € K, and hence © = p + s for some s € S and p € P*. Since u(s) < s,
' = p+u(s) < p+s = x, and hence by the minimality of =, E’(z') contains
p(z"). But u(s) =g s, so 2’ =g x, and it follows that p(2’) = p(x) and that
p(z) € E'(x), a contradiction.

It is clear that Hom(P, Q) is integral (resp. saturated) if @ is integral
(resp. saturated). If P is finitely generated, choose a surjective map N" — P
for some r € Z*. Then Hom(P, Q) can be identified with the equalizer of
the two maps Hom(N", Q) — Hom(N" xp N" Q). Since Hom(N", Q) = Q"
is finitely generated if @ is, the same is true of Hom(P, @), by (5). ]

Remark 2.1.10 If @) is a finitely generated monoid and S is a finitely gener-
ated (Q-set, then any invariant ()-subset of S is finitely generated as a ()-set.
This can be proved in the same way as (2.1.9.1), using (2.1.6).

Remark 2.1.11 Let Q be an integral monoid. A subset K of Q% which is
invariant under the action of ) is called a fractional ideal, although some-
times this terminology is reserved for the case in which there exists an element
q of () such that ¢ + K C (). This is automatically the case if K is finitely
generated as a (J-set, and the converse holds if () is finitely generated as a
monoid, by (2.1.10). Note that a fractional ideal K C Q% need not be a
submonoid of Q9. The natural map m: @ — @ induces a bijection between
the set of fractional ideals of ) and of @), and this bijection takes finitely
generated fractional ideals to finitely generated fractional ideals.
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Proposition 2.1.12 Let #:() — P be an exact homomorphism of fine
monoids and let J be a finitely generated fractional ideal of P. Then K :=
09-1(J) is a finitely generated fractional ideal of Q.

Proof: Replacing 0 by 0: Q — P, we may and shall assume that @ and P
are sharp. If K is empty there is nothing to prove. Otherwise let S := §9(K),
a nonempty subset of J. Since J is finitely generated as a P-set, it follows
from (2.1.5) that the subset S” of minimal elements of S is finite. Let T denote
the inverse image of S’ in K. Since 0 is exact and sharp, it is injective, so T is
also finite. If k is any element of K, then there exists an element ¢t of T" such
that 09 (k) > 697(t). This means that for some p € P, 69(k) = p + 09(t),
i.e., that 697(k —t) € P. Since 0 is exact, this implies that ¢ :== k —t € Q,
and hence that k € Q +T. Thus T generates K as a ()-set. ]

To see that the exactness hypothess is not superfluous, note that the inverse
image of the principal fractional ideal generated by 0 in N by the summation
map N & N — N is not finitely generated as a IN @& N-set.

Remark 2.1.13 If P is an integral monoid and FE is a congruence relation on
P, then P/F is integral if and only if £ — P x P is exact. Indeed the congru-
ence relation E determined by a surjective map 6: P — () of integral monoids
is just the equalizer of the two maps P x P — (), and we saw in (2.1.9.5)
that it is then an exact submonoid of P x P. For the converse, suppose that
E — Px Pisexact and 0: P — (@ is the coequalizer of the two maps £ — P.
If 6(p1) + 0(p) = O(p2) + 6(p) in Q, then e := (p1,p2) + (p,p) € E. Since
(p,p) € E, it follows that (p1,p2) € E9 NP x P, and hence that (p1,ps) € E.
Then 6(p1) = 0(p2), so @ is integral. In particular, congruence relations on
P yielding integral quotients () correspond to congruence relations on P9,
and hence by (1.1.3) to subgroups of P%. Of course, the subgroup of P9
corresponding to a surjective map of integral monoids P — () is just the
kernel of P% — Q9.

Corollary 2.1.14 Let P be a fine monoid and let E be a congruence relation
on P such that P/FE is integral. Then E is finitely generated as a monoid
(not just as a congruence relation).
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Corollary 2.1.15 Let P — M be a morphism of integral monoids. If P
and M are finitely generated, then so is P9 X prer M.

Proof: Tt suffices to observe that the map P% X o0 M — P9 Xg700 M is
an isomorphism and to apply (2.1.9.4) and (2.1.9.6). ]

Proposition 2.1.16 Let () be a sharp valuative monoid. Then the following
conditions are equivalent.

e () is isomorphic to N.
e ()% is isomorphic to Z.

e () is finitely generated.

Proof: 1t is evident that (1) implies (2). If (2) holds, let v: Q% — Z be
an isomorphism and choose ¢ € Q% with v(q) = 1. Either ¢ or —¢ lies in
(), so by changing the signs of ¢ and/or v we may arrange things so that
g € Q and v(q) = 1. Then the sharpness of ) implies that v(¢') > 0 for
all ¢ € Q). Thus v induces a homomorphism ) — N which is necessarily
bijective. This proves the equivalence of (1) and (2). Suppose that (3)
holds. Since @ is valuative, the order relation on ) is a total order, and
Proposition (2.1.5.3) implies that it is even a well-ordering. Thus @ has
a unique minimal element which then (freely) generates (). This proves the
equivalence of (1) and (3). O

Example 2.1.17 Let X be a normal locally noetherian scheme and Y a
proper closed subset. Then it follows from Theorem (2.1.9.2) that the stalks
of the sheaf I'y Div} of effective Cartier divisors on X with support in YV
are fine monoids. To see this, let O’ be the subsheaf of Oy which to each
open set U of X assigns the set of sections f such that f, # 0 € Ox, for all
x € U. This a sheaf of submonoids of Ox, and Div} can be identified with
the quotient O%/O%. Let Wy be the sheaf of effective Weil divisors, i.e.,
the sheaf associated to the presheaf which to every open U assigns the free
monoid on the set of points n € U such that O, has dimension one. Since
X is regular in codimension one, each Oy, is a discrete valuation ring, and
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the valuation maps induce a morphism of monoids v: O% — W [10, II §6].
The normality of X implies that for any x € X, Oy, is the intersection, in
the fraction field Kx, of Ox,, of its localizations at height one primes. It
follows that O , is the set of sections f of Kx, such that v (v) € Wy, and
that O is the kernel of v. Hence the morphism v,: O , — W;Ew is exact,
and Div™ := O, /O% , is an exact submonoid of Wy ,, and hence the stalk
at x of L'y (Divy) is an exact submonoid of the stalk at x of Iy (W5). The
latter is just the free monoid on the set of prime ideals of height one in the
local ring Ox, which are contained in Y. Since Y is a proper closed subset
of X, each of these is a minimal prime of the noetherian local ring Oy, and
hence there only finitely many such primes. Thus L'y (W), is a fine monoid,
and by (2.1.9.2), the same is true of L'y (Divy),.

To see that the normality hypothesis is not superfluous, let X be the
spectrum of the subring R of C|[t] consisting of those polynomials whose first
derivative vanishes at ¢ = 0. This is a curve with a cusp at the origin x. Let
Y := {z} and for any complex number a, let D, be the class of t* — at® in
Divk , = O ,/O%. Note that in Ky,

(t* —at®)/(t* —bt*) = (1 —at)/(1 —=bt) =14+ (b—a)t + -,

which does not belong to O, if a # 0. Thus D, # Dy € Ty (Divy),. Tt
follows that Iy (Div%), is uncountable and hence is not finitely generated.
Similar examples can be made with local nodal curves.

2.2  Duality

Duality, and in particular the existence of “enough” homomorphisms from a
fine monoid to N, is a crucial tool in the theory of toric varieties.

Theorem 2.2.1 . Let ) be a fine monoid, and let H(Q) := Hom(Q, N).
1. The monoid H(Q) is fine, saturated, and sharp.
2. The natural map H(Q)% — Hom(Q",Z) is an isomorphism.

3. The evaluation mapping ev: Q — H(H(Q)) factors through an isomor-
phism -
ev: Q% — H(H(Q)).
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The key geometric tool is the following. Let P be a submonoid of an abelian
group G, and let ¢ be a homomorphism G — Z which maps P to N. Suppose
that ¢t is an element of G and ¢(t) < 0, and let @ be the submonoid of G
generated by P and t. Then the homomorphism

V:G — Ker () : g — to(g) — go(t)

induces multiplication by |4(t)| on Ker(¢) and maps @ into P.
The following result is a corollary of the theorem, but in fact it is one of
the main ingredients in the proof.

Lemma 2.2.2 If () is a fine monoid, there exists a local homomorphism
h:@Q — N; i.e., an element of H(Q) such that h=(0) = Q*.

Proof: We may assume without loss of generality that () is sharp, and we
shall argue by induction on the number of generators of ). If @) is zero the
result is trivial. Suppose that T" is a set of nonzero generators for @), t € T,
and S := T\ {t}. Let P be the submonoid of @) generated by S. Then P
is still sharp and the induction hypothesis implies that there exists a local
homomorphism h: P — N. Then A induces a homomorphism P% — Z which
we denote again by h. Replacing h by nh for a suitable n € Z*, we may
assume that h extends to a homomorphism Q% — Z we which still denote
by h. If h(t) > 0 there is nothing more to prove. If h(t) = 0, choose any
h':Q% — Z such that h/(t) > 0. Then if n is a sufficiently large natural
number, nh(s) + h'(s) > 0 for all s € S and KW'(t) > 0, so nh + h' € H(Q)
and is local. Suppose on the other hand that h(¢) < 0. For each s € 5,
let s := h(s)t — h(t)s. Then each s’ € @, and the submonoid @’ of Q
generated by the set S” of all s’ is sharp. Note that h(s") = 0 for all s’ € S
and hence for all ¢ € @'. Thus Q7 C Ker(h) C Q9. Since |S'| < |9],
the induction hypothesis implies that there exists a local homomorphism
g € H(Q'). Replacing g by ng for a suitable n, we may assume that g
extends to a homomorphism Ker(h%) — Z, which we continue to denote
by g. Since t ¢ Ker(h9), the subgroup of Q% generated by ¢ and Ker h is
isomorphic to Z @ Ker(h), and we may extend ¢ to this subgroup by letting
g(t) = 0. Replacing g by yet another multiple, we may assume that it extends
to all of Q9. For any s € S, —h(t)g(s) = g(s') — h(s)g(t) = g(s') > 0; since
h(t) < O this implies that g(s) > 0. Then ng — h € H(Q) is local for n
sufficiently large. O
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Corollary 2.2.3 Let (Q be a fine monoid and let x be an element of Q9.
Then x € Q** if and only if h(z) > 0 for every h € H(Q).

Proof: If x € @Q** then nz € @ for some n € Z* and hence h(z) > 0
for any h € H(Q). Suppose conversely that h(z) > 0 for every h € H(Q).
Let @' be the submonoid of Q9 generated by ) and —z, and choose a local
homomorphism A: Q" — N. Then h(z) > 0 and h(—z) > 0, so that in fact
h(z) = 0 and —z € Q™. Then there exists an element ¢’ of @)’ such that
¢ —x = 0. Writing ¢ = —maz + ¢ with m € N and ¢ € ), we see that
(m+ 1)z =q, sox € Q™. O

Proof of (2.2.1) First observe that H(Q) is fine, sharp, and saturated by
(2.1.9.8). Since H(Q)) — Hom(Q,Z) is injective, so is the map H(Q)%? —
Hom(Q,Z). Any element h of H(Q) necessarily annihilates Q*, so the image
of this map is contained in Hom(Q,Z). Suppose on the other hand that
g € Hom(Q,Z), and let h be a local homomorphism  — N. There exists
n € Z* such that nh(g) > g(q) for each of a finite set of nonzero generators
g of @, and then nh(g) > ¢(q) for every ¢ € Q. This means that h' :=
nh—ge H(Q),sog=nh—h € HQ)% = H(Q). Tt follows that the map
H(Q)% — Hom(Q",Z) is an isomorphism.

Since H(H(Q)) is fine saturated and sharp, ev factors through a map ev
as claimed in the statement of the theorem. Let z; and x5 be two elements
of @**" with ev(x1) = ev(x3), and let x := x7 — x5 € Q9. Then h(x) = 0 for
every h € H(Q). It follows that from (2.2.3) that  and —z belong to Q**, so
r € (Q*)*. Thus T; = Ty € Q%% and this proves the injectivity of ev. For
the surjectivity, suppose that g € H(H(Q)). Since Q9 is a finitely generated
group, the map from Q% to its double dual is surjective. Thus there exists
an element ¢ of Q% such that ev(q) = g, i.e., such that h(q) = g(h) for all
h e H(Q). Then h(q) > 0 for all h, so ¢ € Q*', as required. O

Corollary 2.2.4 Let ) be a fine monoid. A subset S of () is a face if and
only if there exists an element h of H(Q) such that S = h='(0). For each
S C @, let S* be the set of h € H(Q) such that h(s) = 0 for all s € S, and
for T C H(Q), let T+ be the set of q¢ € Q such that t(q) =0 for allt € T.
Then F — F* induces an order reversing bijection between the set of faces
of  and the set of faces of H(Q), and F = (F*)* for any face of either.
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Proof: Tt is clear that h™1(0) is a face of Q if h € H(Q). If F is any face,
(Q)/F is a fine sharp monoid, so by (2.2.2) there exists a local homomorphism
h:Q/F — N. Then h can be regarded as an element of F'+ C H(Q). Since
h is local, h=*(0) = F. This proves the first statement. It is clear that S+ is
a face of H(Q) if S is any subset of Q and that T+ is a face of Q if T is any
subset of H(Q). Furthermore, Si- C Sit if S} C Sy, and S C (S+)t. The
only nontrivial thing to prove is that F' = (F1)L if Fis a face of Q. But this
follows immediately from the existence of an h with F' = h=1(0).

[

Corollary 2.2.5 If () is fine, then (Q** is again fine. In fact, the action of
Q on @Q*' defined by the homomorphism @ — Q**' makes Q** a finitely
generated ()-set.

Proof: Since (Q%")* C Q%, it is a finitely generated abelian group. The-
orem (2.2.1) implies that @2t is fine, and since Q**' is integral, it follows
from (2.1.1) that @' is finitely generated, hence fine. Choose a finite set of
generators T for Q¥ as a monoid, and for each t € T, choose n; € N such
that nit € Q. Then {3 jit : j, < ny,t € T} generates Q" as a QQ-set. n

Corollary 2.2.6 Let P be a fine sharp monoid such that P9 is torsion free
(resp. which is saturated). Then P is isomorphic to a submonoid (resp. an
exact submonoid) of N" for some r.

Proof: Note first that if m: M — (@ is a surjective map of fine monoids,
the dual morphism H(Q) — H(M) is injective and exact. Indeed, we can
by (2.2.1) view an element h of H(Q)% as a homomorphism @ — Z, and
we see that h € H(Q) if and only if honw € H(M). Now let P be a fine
sharp monoid such that P9 is torsion free. By (2.1.9.8), @ := H(P) is
fine and sharp and Q% = Hom(P%,Z), so P% = Hom(Q%,Z) = H(Q)%.
Choose a surjection N” — (). As we observed above, H(Q) is then an exact
submonoid of H(N") = N”. Furthermore, the isomorphism P% — H(Q)%
carries P into H(Q), and in fact identifies P*** with H(Q) by (2.2.1). O
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Remark 2.2.7 If @) is a fine monoid, then an element h of H(Q) lies in the
interior of H(Q) if and only if h: () — N is a local homomorphism. Indeed,
by definition, an element h of H(Q) belongs to its interior if and only if it is
not contained in any proper face of (). By (2.2.4), this is the case if and only
if h* does not contain any nontrivial face of Q, i.e., if and only if At = Q*.
This is exactly the condition that h: () — N be a local homomorphism.

We shall find the following crude finiteness result useful. More precise
variants are available, most of which rely on the theory of Hilbert polynomials
in algebraic geometry.

Corollary 2.2.8 Let () be a fine sharp monoid of dimension d and let h: () —
N be a local homomorphism. For each real number r, let

Bi(r):={q€Q:h(q) <r}.
Then there is a constant ¢ € R such that for all r € R,

#B,(r) < er?.

Proof: By (2.2.1), H(Q) is finitely generated and sharp, and hence it has

a unique set of minimal generators {hy,...h,}. Since h is local, (2.2.7)
shows that each h; belongs to the face generated by h. Then (1.3.2) im-
plies that for each i there exists an integer n; such that n;h > h; in H(Q).
Choose n > n; for all . Then for every r € R, By(r) C N;By,(nr). Since
@ is sharp, (2.2.1) implies that H(Q)% = Hom(Q%,Z), and consequently
{h;} spans Hom(Q%,Z). Proposition 1.3.7 says that this group has rank
d. Let (z1,---x4) be a basis for Hom(Q9,Z), find integers a;; such that
r; = Y.; a;;h;, and let a := 7, ;|a; j|. Then if ¢ € By(r),

zi(q)] < laijlhi(q) < anr.
J

Thus By(r) € M;Bg, (anr). The cardinality of this set is bounded by
t(2anr)?, where t is the order of the torsion subgroup of Q9. ]
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2.3 Monoids and cones

Let K be an Archimidean ordered field and let K=° denote the set of non-
negative elements of K, regarded as a multiplicative monoid. Since 0 € K29,

this monoid is not quasi-integral, but K=°\ {0} is a group. In practice here,
K will be either R or Q.

Definition 2.3.1 A K-cone is an integral monoid (C,+,0) endowed with
an action of (K=°,-,1), such that

(a+b)x = ar+bx fora,be K=° and z € C, and
a(r+vy) = ar+ay foraec K=°andx,yeC.

A morphism of K-cones is a morphism of monoids compatible with the ac-
tions of K=°.

Any K-vector space V forms a K-cone, and any nonempty subset of C'
of V which is stable under addition and by multiplication K=° is a subcone.
If C' is any K-cone, then C% inherits a unique structure of a K-vector space
such that C' — (% is a morphism of K-cones, so we can regard every K-cone
as sitting inside a K-vector space. If S is any subset of a K-vector space V
we can define its conical hull Ck(S) to be the set of all linear combinations of
elements of S with coefficients in K=°. Then Ck(S) is the smallest K-cone
in V containing S. A K-cone C'is called finitely generated if it admits a finite
subset S such that C' = Ck(S). In the sequel we shall say “cone” instead
of “K-cone,” and write C'(S) instead of Ck(S), when there seems to be no
danger of confusion.

If C'is a K-cone, C* is not just a subgroup but also a vector subspace,
the largest linear subspace of C. A cone is sharp if and only if C* = 0;
some authors call such a C' a strongly convex cone. If C'is a K-cone, then
C := C/C* is asharp K-cone. By the dimension of C' we mean the dimension
of C9 (as a K-vector space), and we call the dimension of C' the sharp
dimension of C'.

Let C be a K-cone and let F' be a face of C'. Then F' is automatically a
subcone of C. Indeed, if z € F and a € K=°, then there exists n € N with
a < n, since K is Archimidean. Then ax < nx and nx € F, and since F'is a
face, ax € F also. If F'is a face of a cone C, then C/F is a sharp cone, and
we call its dimension the codimension of F'. If this codimension is one, we
say that F'is a facet of C'. A one-dimensional face of C' is sometimes called
an extremal ray of C.
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Let us say that an element z of a sharp cone C is K-indecomposable in
C' if it is not a unit and whenever x = y 4+ z with y and 2z in C', then y
and z are K-multiples of z. Thus x is K-indecomposable if and only (x)%
is a one-dimensional K-vector space. Notice that in the monoid P given by
generators {z,y, z} and relations x + y = 2z, z, y, and z are irreducible,
and in the corresponding cone z and y are indecomposable, but z is not
indecomposable.

Proposition 2.3.2 Suppose that C' is a finitely generated sharp cone. Then
each element of every minimal set of generators for C' is K-indecomposable.
In particular, C' is spanned by a finite number of indecomposable elements.

Proof: The proof is essentially the same as the proof of the analogous result
(2.1.2) for monoids, but we write it in detail anyway. Suppose that S is a
minimal set of generators and x € S. Write x = y + 2z, with y = Y a,s,
2 = Y bgs, and a,, by € K= Then x = Y c,s, with ¢, = a, + bs. Let
S =S\ {z},s0 (1 —cp)x =Y cq css. If ¢, <1 we see that S’ generates C,
a contradiction, and if ¢, > 1, then z is a unit, contradicting the sharpness
of C. Then necessarily ¢, = 1, so 0 = > g ass + bss. Since S is sharp, this
implies that a,s = bys = 0 for all s € S’. Then y = a,x and z = b,x, as
required. ]

Proposition 2.3.3 Let C be a K-cone and S a set of generators for C'.
1. Every face of C' is generated as a cone by F'NS.
2. If C is finitely generated, C' contains only a finite number of faces.

3. The length d of every maximal increasing chain of faces C* = Fy C
I C Fy---F; = C is less than or equal to the K-dimension of the
vector space C*", with equality if C' is finitely generated.

4. Every proper face of C' is contained in a facet.

Proof: Let F be a face of C' and z € F,  # 0. Then we can write
r = Y ass with a, € K= and s € S. Since F is a face, each s € F if
as; # 0. This shows that in fact F' is generated as a cone by FnNS. If
S is finite, it has only finitely many subsets, so C' can have only finitely
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many faces. Since there is a natural bijection between the faces of C' and
the faces of C' we may as well assume in the proof of (3) that C* = 0. Let
C:=F,C---C F; = C be amaximal chain of faces of C. Since each F;
is an exact submonoid of C, the inclusions F§¥ C F/? C --- C F{¥ of linear
subspaces of CY% are all strict. Since C'9 has dimension d, d < d. We prove
the opposite inequality by induction on the dimension d of C?*. If d = 0,
C' = 0 and the result is trivial. Suppose that d > 0; we may assume by
(2.3.2) that S is the set of indecomposable elements of C. Our assumptions
imply that d > 1, and in particular F; # 0. Then by (1) it must contain
a K-indecomposable element ¢. Then (¢) C Fj, and since C is a maximal
chain, (¢) = Fy. Since ¢ is K-indecomposable, (c)* is a one-dimensional
K-vector space, and the dimension of (C'/F})% = C9 /F{? is d — 1. For each
i, the canonical map (F;/F;)% — F*/F{" is an isomorphism, and it follows
that the inclusions Fy/F) C Fy/F; C --- C C/F; of faces of C'/F; are also
strict. The maximality of the original chain C implies that this chain is also
maximal, and thus the induction hypothesis implies that its length d — 1 is
less than the dimension d — 1 of (C/Fy)%. This proves (3), and (4) is an
immediate consequence. O

Proposition 2.3.4 The interior (i.e., the complement of the union of the
proper faces) of a finitely generated cone C' is dense in C' (in the standard

topology).

Proof: 'We may and shall assume without loss of generality that C' is sharp.
Let S be a minimal generating set of indecomposable elements of C'. Then
any element ¢ of C' can be written (not uniquely) as ¢ = 3 ass with ag > 0,
and c lies in the interior if no a, = 0. Then ¢; := Y (as + i~ !)s lies in the
interior of C' and converges to c. O]

Let P be an integral monoid and consider the map P — K ® P9 sending
an element p to 1 ® p. Let Cx(P) denote the subcone of K @ P% generated
by the image of P — K ® P9, and

c: P — Cg(P)

be the map sending p € P to 1 ®@ p € Ck(P). Note that two elements p; and
po of P have the same image in K ® P9 if and only if their difference lies
in the torsion subgroup of P9 i.e., iff there exists an integer n, such that

np1 = nps.
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Proposition 2.3.5 Let P be an integral monoid and let ¢: P — Ck(P) be
the natural map described above.

1. If F is any face of P, the natural map Cq(F) — Cq(P) identifies
Cq(F) with a face of Cq(P). Furthermore, ¢ '(Cq(F)) = F, and c
defines a bijection between the faces of Cq(P) and the faces of P.

2. If T is an ideal of P, let Cq(I) C Cq(P) denote the smallest Q=°-
invariant ideal of Cq(P) containing the image of I — Cq(P). Then
CQ(I) NP = \/7

Proof: The proof relies on the following lemma, which is not true for a
general K. However, see Proposition (2.3.17) for a partial generalization of
Proposition (2.3.5).

Lemma 2.3.6 Let P be a monoid and let Cq(P) C Q® P% the correspond-
ing cone. Then

Cq(P) ={x € Q® P . there exist m € Z*,p € P with mz = ¢(p).}
If I is an ideal of P,

Cq(I) ={r € Q® PP : there exist m € Z*,p € I with mx = c(p).}

Proof:  1f myxzy = ¢(p1) and mozy = ¢(p2), then
mima (21 + x2) = c(map1 + Mapa),

so the set X on the right side of the above equation is a submonoid of Q® P9P.
It is also stable under the action of Q=Y and contains the image of P, hence
contains Cq(P). On the other hand, it is also clear that X is contained in
any Q-cone containing the image of P, hence is the smallest such cone. [J

Now let F' be a face of P and let z; and z2 be elements of Cq(P) whose sum
y belongs to Cq(F'). Then there exist m > 0, f € F and p; € P such that
my =1® f and mp; = 1 ® x;. Hence f —p; — py is a torsion element of P9,
and by replacing m by a multiple, m we may assume that f = p; +ps. Then
pi € F and hence z; € Cq(F). This shows that Cq(F) is a face of Cq(P).
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Evidently F' C ¢ }(Cq(F)). Conversely, if p € P and ¢(p) € Cq(F), then
there exist an m € Z* and f € F with ¢(f) = mc(p), hence there exist m’
such that m'f = mm’p € P, and hence p € F. On the other hand, if G is
any face of Cq(P) and g is a generator for G as a face, then mg lies in the
image of ¢ for some m, and myg still generates G. Thus G = Cq(F'), where
F := ¢7'(G). This proves (1), and the proof of (2) is similar. O

Proof of (1.5.7): Because of the bijection between the prime ideals and the
faces of M and the bijection (2.3.5) between the faces of M and of the cone
C' it spans, (1.3.7) follows from (2.3.3). Thus, M has finitely many prime
ideals because C' has finitely many faces, and the maximal length of a chain
of prime ideals in M is the maximal length of a chain of faces of C'. By (2.3.5)
this is the dimension of the vector space C”’ = Q® M™. If p € Spec M, and
Fy, = M \ p is the corresponding face of C', then by (2.3.3.3), F} is contained
in a chain of length dim(C) = dim(M). Furthermore ht(p) is by definition
the maximum length A of a chain of faces Fyy = Fy C Fy--- C F, = C, i.e.,
of a chain of faces in C/Fy. By (2.3.3.3), h = dim(C/Fy)? = dim(C”") —
dim(Fg"), so h + dim(Fp) = dim(M). O

Corollary 2.3.7 Let C be a finitely generated Q-cone and let
CV:={¢:0% - Q:¢(c) >0 forallce C}.

Then CV is also a finitely generated cone, and an element ¢ of C% belongs
to C if and only if ¢(c) > 0 (resp. =0 for all p € CV.

Proof: Let S be a finite set of generators for C' and let P the submonoid
of C' generated by S. Then H(P) C CV and is is finitely generated by
Theorem 2.2.1. Thus it will suffice to show that H(P) generates CV. If
¢ € CY and s € S, ¢(s) is a nonnegative rational number, and hence there
exists a positive integer such that n¢(s) € N for all s € S. Then n¢ € H(P),
and so ¢ lies in the cone generated by H(P). The last statement follows from
the fact that some multiple of ¢ lies in P% and Corollary 2.2.3. [

Corollary 2.3.8 Every face of a fine monoid is the intersection of the facets
containing it.
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Proof: Let G be a face of fine monoid . The natural map @ — Q/G
induces a bijection between the facets of () containing F' and the facets of
Q/F. Thus, replacing @ by Q/F, we reduce to the case in which @ is sharp
and ' = 0. We must show in this case that if ¢ € @) belongs to every
facet of @), then ¢ = 0. The complement of a facet F' is a prime ideal p of
height one, and ¢ € F if and only if 14(¢) = 0. Since the set of all such
vp generates the cone Cq(H(Q)), it follows that h(q) = 0 for all h € H(Q).
Then Lemma (2.2.2) implies that ¢ = 0, since @ is sharp. ]

Corollary 2.3.9 If Q) is a fine monoid, the map Q — @ induces a home-
omorphism Spec(Q**) — Spec(Q).

Corollary 2.3.10 Let p be a height one prime ideal in a fine monoid M.
Then M;at is valuative, and there is a unique isomorphism

Mg = N,

and a unique epimorphism
Vp: M — 7

such that v, ' (NT) N M = p. Furthermore, Mg = {zx € M% : vy(z) > 0}

Proof: We know that M is fine, M9 = (M®*)9 and that Spec(M®**) —
Spec(M) is a homeomorphism. Thus we may as well assume replace M by
M#* and so we assume that M is saturated. Since My is saturated, ngp
is torsion free, and since p has height one, ﬁpgp is isomorphic to Z. Choose
any nonzero element x of My. Then there is an n € N such that « = ny,
where y is one of the two generators of My, Since My, is saturated, y € My,
and y freely generates My. This shows that Mj is saturated. Furthermore,
—y & My, so the induced isomorphism M, — N is unique. Let p be the
composition M — ﬁpgp — N, then g '(NT) = p, and vp = p% is an
epimorphism such that l/p_l(NJr) N M = p. Suppose that v: M9 — Z is
an epimorphism such that v='(N+*) N M = p. Then v=1(0) N M is the face
F := M \ p, and v factors through ﬁpgp = 7. Since v is an epimorphism,
this last map is an isomorphism, and v = £1p. In fact the sign must be +
since v~ H(NT) = p. If ¢ and p are elements of M, vp(p — q) = vp(p) — vp(q).
Thus if g € M \ p, p(¢q) = 0 and vp(p — q) > 0. Conversely, if x € M9 and
vp(z) > 0, there exists a ¢ € My such that vy(q) = vp(x). Then there exists
u € My such that v = ¢+ u, and x € Mj. O
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Corollary 2.3.11 Let @ be a fine saturated monoid. Then @ = {x € Q% :
vp(x) > 0}, where p ranges over the set of height one primes of ) (2.3.10).
In other words, () is the intersection in Q9 of the set of all its localizations
at height one primes.

Proof: 'We know from (2.1.9.8) that H(Q) is a fine sharp monoid, and from
(2.3.2) that the Q-cone C' it generates is generated by a finite set (hy,- -, hy)
of indecomposable elements. Each h; generates a one dimensional face of C;
consequently each ki is a facet of @, and p; := h; '(N7) is a height one prime
of Q. If x € Qy for every height one prime p, then h;(x) > 0 for every ¢ and
hence h(x) > 0 for every h € C, and hence for every h € H(Q). Then x € Q)
by (2.2.1) O

Proposition 2.3.12 If ) is a fine monoid, let ng denote the free monoid
on the set of height one primes of ), and if ¢ € Q, let

v(q) =D {mp(g)p : ht(p) = 1} € WJ.

Then v: Q) — W(:g is a local homomorphism. Furthermore, v(q;) = v(qo) if
and only if there is some n € Z* such that ng, = ng, in Q, and v is exact if
and only if () is saturated.

Proof: 1t is apparent that v: Q) — ng is a homomorphism of monoids.
Furthermore, {vp : htp = 1} generates Cq(H(Q)) as a cone, so if v(q) = 0,
h(g) = 0 for all ¢, and hence ¢ € Q* by (2.2.2). If v(¢1) = v(g2), then
h(q1 — q2) = 0 for all h, hence q; — ¢ is a unit in Q%' and there exists some
n € Z* such that ng; — ngy € Q*. This implies that ng, = ng,. The last
statement follows from (2.3.11) and the fact that an exact submonoid of a
saturated monoid is saturated. O

Let P be a fine monoid, let S := Spec P with its Zariski topology, and
let p be a point of S. The complement F' of p is a face of P, and since P is
finitely generated, (2.1.9) says that there exists an f € P such that (f) = F.
Then

{pipe{} }=Sp={"Fny=0}=S;={": f &'}
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is open in S. Thus the set of generizations of each point is open, and hence a
subset of S is open if and only if it is stable under generization. This shows
that the topology of S is entirely determined by the order relation among
the primes of P.

Let d be the Krull dimension of S and for 0 < < d let

K; :==n{p:htp =1},

an ideal of P. We saw in (1.3.6) that every prime of height i + 1 contains a
prime of height ¢, hence K; C K;,,. We have

®:K0CIPZK1C"'Kd:P+,

where Ip is the interior ideal of P.
Since {p : htp = 4} is finite,

Z(K;) =U{Z(p) :htp =i} = {p:htp >i}.
Thus we have a chain of closed sets
{P+}:ZdCZd_1 C--- I CZ():SpeCP.

If p € Spec P and F := P\ p, then p belongs to the open subset et S of
S defined by P, and F' is the largest face with this property. Let F; denote
the set of faces F' of P such that P\ F' has height i, i.e., such that the rank
of P/F isi. A prime p belongs to some Sr with F' € F; if and only htp <.
This shows that

The following corollary summarizes this discussion.

Corollary 2.3.13 Let S be the spectrum of a fine monoid P of dimension
d. For eachi=0,...d, let

Zi={pe S:htp>i}.

Then S\ Z; is open in S, and is the union of the set of all special affine open
sets Sp as F' ranges over the faces of P such that the rank of P/F isi— 1.
In particular, S \ Z, is the union of the sets Sg as F' ranges over the facets
of P. If P is toric, each Pp is a valuative monoid.
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A cone is called simplicial if it is finitely generated and free, that is, if
there exists a finite set S such that each element of C' can be written uniquely
as a linear combination of elements 3 g ass with a, € K=°; such a set S
necessarily forms a basis for C'%7. It is not hard to see that any sharp cone in
K or K2 is simplicial. This is false for K3; for example, the cone generated
by the monoid P of (1.3.8) is not simplicial. For a useful criterion, see (2.3.18)
below.

In fact, every finitely generated cone is a finite union of simplicial cones,
as the following result of Carathéodory shows.

Theorem 2.3.14 (Carathéodory) Let C' be a K-cone and let S be a set
of generators for C'. Then every element of C' lies in a cone generated by a
linearly independent subset of S.

Proof: 1f v € C, we can write x = Y a;s; with s; € S and a; > 0. We
may suppose that this has been done so that the number e of terms in
the sum is minimal, and we claim that then (si,ss,...5s.) is independent
in C9. In fact suppose that Y ¢;s; = 0. We may choose the indexing
so that ¢; is positive if 1 < i < m, negative if m < i < n, and zero if
i > n. Furthermore, we may suppose that a;/c; < as/co--+ < ap/c,, and
that a,/c, > apn_1/cn_1-++ > ami1/Cms1. Suppose m > 0. Then for all i,
a, == a; — (a1/c1)c; > 0, and then x — (a1/c1) Y ¢s; = Y{als; = i > 1},
contradicting the minimality of e. Thus m = 0. If n > 0, then for all ¢
a, = a; — (an/cn)e; > 0, and © = Y {a} : i # n}, again a contradiction. Thus
n=0,all ¢, =0, and (sq,...s.) is linearly independent. ]

Corollary 2.3.15 Let C' be a finitely generated sharp K-cone of dimension
d. Then C' is a finite union of simplicial cones of dimension d.

Proof: Let S be a finite set of generators of C'. Since the K-span of S is C'9,
whose dimension is d, any linearly independent subset T' of S is contained
in a linearly independent subset 7" of cardinality d. Carathéodory’s theorem
implies that every element of C' belongs to some C(7") and hence to some

c(T"). 0
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Corollary 2.3.16 Let C' be be a finitely generated cone in a finite dimen-
sional K-vector space V. Then C' is closed with respect to the topology
of V' induced from the ordering on K. In particular, any face of a finitely
generated cone C' is closed in C, and the interior I (1.3) of C' is open.

Proof: The group C* of units of C' is a K-subspace of V', hence is closed,
and hence it suffices to prove that the image of C' in V/C* is closed. Thus
we may and shall assume that C' is sharp. Suppose that V' has dimension n
and that C' is simplicial of dimension d. Then there exists a basis (vy,...v,)
for V' such that (vy,...vy) spans C. Thus V can be identified with K™ and
C with the subset of v € K™ such that v; > 0 for i < d and v; = 0 for i > d.
Since the topology on V' is independent of the choice of basis, C is closed.
The general case follows, since Corollary (2.3.15) shows that any C' can be
written as a finite union of simplicial cones. Finally we recall from (2.3.3)
that a face of a finitely generated cone is finitely generated, hence closed.
Since C' has only a finite number of faces, I is open. ]

Proposition 2.3.17 Let C be a finitely generated Q-cone and let Cx C
K ® C9 be the K-cone it spans.

1. For every x € Ck there exists an increasing sequence (x; : i € N) in C
converging to x. In particular, C' is dense in C'k.

2. If C" is any finitely generated subcone of C', Cj N C9%? = (C".

3. The map F — Fy induces a bijection between the faces of C' and the
faces of C'x, with inverse G — G NC.

Proof: Let S be a finite set of generators for C'; then S also generates Cx
as an R-cone. Any element x of Cx can be written z = 3" a,s with a, € R=Y.
For each s there exists an increasing sequence a;; in Q=° converging to a;
then x; := > a;ss is an increasing sequence in C' converging to x. This proves
(1). To prove (2), suppose that T is a finite set of generators for C’ and
2’ € C. By (2.3.14) there exist a linearly independent subset 7" of T and
elements a; € R=? such that 2/ = Y {a;t : t € T'}. Since C spans C9, there
is a basis S’ for C% which contains 7" and is contained in C. If 2’ € C;,NC9P,
all its coordinates with respect to S’ lie in Q. In particular each a; € Q=°,
so ' € C'. This proves (2).
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Now suppose F'is a face of C'. It is clear from the definition that Fj is
a submonoid of Ck; to prove that it is a face we must check that if x <y
with © € Ck and y € Fi, then x € F. Recall that F' is generated as a cone
by F'N K, so y can be written y = 3., a,s with a, € K=° and s € F N 8S.
Replacing by Y-, als with o/, € Q and a), > a,, we may assume that y € F.
By (1) we can find an increasing sequence (x;) in C' converging to z. For
each fixed j, (z; —z; : i € N) is a sequence in C% which converges to = — z;
and for 7 > j lies in C since Ck is closed it follows that x — x; € Ck also.
Theny —z; =y—x+x—a; € Cxk NC% = C, and since F is a face of C,
xz; € F for all j. By (2.3.2) F is a finitely generated as a cone and so Fi
is closed in Ck. Hence x € Fi as required. The fact that Fx N C% = F
follows from (2). Finally, if G is any face of C, we know from (2.3.2) that
G is generated by a subset of S, hence by G N C, which is a face of C. [

Proposition 2.3.18 Let C' be a finitely generated sharp K-cone and S a fi-
nite subset. Suppose that every finite subset of S is contained in a proper face
of C' and that S spans C% as a vector space Then S is linearly independent
and spans C' as a K-cone. In particular, C' is simplicial.

Proof:  Suppose that 3 ass = 0 with a; € K and s € S. Let §":={s € S:
as >0}, 8" :={s€ S:a, <0}, and T := S\ S"US”. Then let ¢t be the
sum of all the elements of T', and let

f= Zass—l—t: Z —ags +t;
ses’ ses

note that f € C. If S” is not empty, then S’ U T is a proper subset of
S and hence by assumption is contained in a proper face F' of C'. Since
f=>{—ass:s € 8"} € Fand F is a face, all the elements of S” also
belong to F. But then all of S is contained in F. Then F% = (% and
since F is exact in C, F = C, a contradiction. Thus we must have S” = (.
Similarly S” = (), and it follows that S is linearly independent.

Let ¢ be an element of the interior of C'. Then there exist disjoint subsets
S" and S” of S and elements a, € K=° such that

c:Zass— Zass.

seS’ seS”

Then ¢+ {ass : s € S”} also belongs to the interior of C. If S’ were a proper
subset of S, it would be contained in a proper face of C', which contradicts
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the fact that Y {ass : s € S’} = c+ > {ass : s € "} is in the interior of C.
Hence S’ = S and S” = (). We have thus shown that every element of the
interior of C' lies in the the K=%span of S. Since this span is closed, and
since the interior of C'is dense in C' (2.3.4), S spans C, as claimed. O]

Theorem 2.3.19 (Gordon’s lemma) Let L be a finitely generated abelian
group, let V := Q® L, and let C C Q ® L be a finitely generated Q-cone.
Then Cp, := L Xy C = L xy, Cr Is a finitely generated monoid.

Proof: The natural map L xy C — L Xy, Cr is injective because C' C CR,
and it is surjective because of (2.3.17.2). Let us first treat the case in which
L is free, so that it may be identified with its image in V. Let S be a
finite set of generators for C', which we may as well assume contained in
L. Let 8" C VR be the set of all linear combinations of elements of S with
coefficients in the interval [0, 1]. The map [0, 1]° — Vg sending {a, : s € S}
to 3" ays is continuous and maps surjectively to S’; hence S’ is compact. Then
S" .= L NS is compact and discrete, hence finite. Any element x of Cr can
be written as a sum Y ays with s € S and a, € RZ°, and a4 can be written
as = mg+al with mg € N and @, € [0,1]. Then z = > mys+ s with s’ € S;
if also x € L, in fact s’ € S”, and so z is a sum of elements of S”. Thus
the monoid C;, = L N CR is generated by the finite set S”. For the general
case, let L; be the torsion subgroup of L and let Ly := L/L;. Notice that
L; € O, and the natural map Cf, — L identifies Cp/L; with C, = Ly N C
and C7 /L, with C . Since (', is a fine monoid, it follows from (2.1.1) that
Ci o isa finitely generated group, and since L; is finitely generated, so is C.
Now (2.1.1) implies that C}, is a finitely generated monoid. O

The finiteness of the saturation of a fine monoid also follows from Gor-
don’s lemma.

Corollary 2.3.20 Let M be a fine monoid and let C' C K ® M9 be the
K-cone it spans. Then M®*' = M9 x e C and is finitely generated as a
monoid.

Proof: The previous result implies that M9 X g C' is finitely generated
as a monoid and is independent of the choice of K, so we may as well take
K = Q. If z € M then by definition x € M9 and there exists n > 0
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such that nx € M. It follows that 1 ® x = (1/n)(1 ® nx) lies in C, so
x € M9 Xcop C. Conversely, if x € M9% and 1 ® x € C, then there exist
x; € M and a; € Q=° such that 1 ® z = 3" a;(1 ® x;). Choose n € NT such
that na; € N for all i. Then 1 ® nx = 1 ® y where y := Y na;x; € M. Thus
nx =y + 2z withy € M and z € M{*. If m € N* is such that mz = 0, then
mnr = my, so x € M**. We conclude that M is finitely generated as a
monoid. O

2.4 Faces and direct summands

In this section we investigate some necessary and sufficient conditions for a
submonoid F' of a monoid P to be a direct summand and for P to be free.
Let us remark first that if F' is a direct summand of P and if F' contains P*,
then F' is a necessarily a face of P. Indeed, suppose that P = F' & () and
that p; € P with p; + py, € F. Write p; = f; + ¢;, with f; € F and ¢; € Q.
Then ¢; + g2 = 0, and hence ¢; € P* C F'; since FFNQ =0, ¢; = 0 and so
p; € F.
We begin with some results on complements of faces in cones.

Proposition 2.4.1 Let C' be a finitely generated sharp (Q-cone and let F' be
a face of C, of codimension r.

1. The projection map from the union of the set of r-dimensional faces of
C to C/F is surjective.

2. There is at least one r-dimensional face G of C' such that G N F9 = (.

Proof: The proof is by induction on the dimension of C', and is trivial if this
is zero or one or if F' = 0. Suppose that the result is proved for all cones of
smaller dimension. Suppose further that F' is an extremal ray of C' and let f
be a nonzero element of F. Let S be a finite set of indecomposable generators
of the dual cone CV. Since f ¢ C*, by (2.3.7) the set S; of elements of S
which are positive on f is not empty. If z is any element of C, choose ¢
from Sy so that ¢o(z)/¢o(f) is minimal, and let

a:=¢o(z)/do(f) and y:=z—af € C®
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Then for any ¢ € S,

o(y) = o) — (f)do(x)/do(f) = 0,

and so y € C. Since ¢g(y) = 0, y lies in a facet of C, and y =z (mod F)
since x —y € F. Since x was arbitrary, (1) is proved when F' is one-
dimensional. If the dimension of F' is at least two, it contains an extremal
ray R. The induction assumption applied to the face F'//R of C'/R implies
that every element ¢ of C' is congruent modulo F' to an element ¢ whose
image in C'//R is contained in an r-dimnensional face of C'/R. The inverse
image G in C of this face has dimension 7+ 1 and contains ¢’. Our argument,
applied to the extremal ray R of GG, shows that there is an element ¢’ of G
which is congruent to ¢ modulo R and which is contained in a facet G’ of
G. Then ¢” is congruent to ¢ modulo F' and is contained in a face G’ of C' of
dimension 7. This completes the proof of (1).

For each r-dimension face G of C', the image of G% — (C'/F') is a vector
subspace, and (1) implies that the latter is the union of the set of all these
images. Since this set is finite, one of these spaces must be all of (C'/F)%, so
that the map G% — (C/F)% is surjective. Since the spaces have the same
dimension, it is also an isomorphism, and thus G9% N F9% = (. O

Proposition 2.4.2 Let F be a face of a toric monoid P. Then the following
conditions are equivalent.

1. F is a direct summand of P.
2. For every face G of P, F + (G is a face of P.

3. For every face G of P, F + G is face of Pg.

Proof: Suppose that P = F'@® @ and G is a face of P. Any element g of G
can be written uniquely as fy + qo, where fo € F and ¢y € (). Since G is a
face, fy and g still belong to G. Now if p; and p, are elements of P whose
sum belongs to F' + G it follows that we can write p; + po = f + go, where
f € Fand go€ GNQ. If we write p; = f; + ¢; with f; € F and ¢; € @), we
see that f = f1 + fo and gy = ¢1 + ¢o. It follows that each ¢; belongs to G
and hence that each p; belongs to F'+ G. Thus F + G is a face of P, and
the implication of (2) by (1) is proved.
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Suppose that F', GG, and F' + G are faces of P. Suppose that p,q € Pg and
f € F+ G% with p+ g = f. Then there exist g;, g, € G, such that p + ¢1,
q+ g2, and f + g1 + go belong to P. Since (p+g1) + (¢ +g2) = f + g1 + 92
in Pand FF+ G is a face of P, p+ ¢, € F+ G. Hence p € F + Y, and this
shows that F' + G is a face of P. It follows that (2) implies (3).

1 Suppose that F has codimension r. By proposition 2.4.1 above, there
exists a face () of dimension r such that F'9% N Q% = 0. Then F9% & Q%
maps injectively to P%. The assumption on F' applied to the face ) of P
implies that F' + Q% is a face of P + (97, and since it has dimension n,
F+ Q% = P+ Q9. In particular, the map F9% ® Q% — P9 is bijective. Let
P = F® @ C P, and consider the corresponding rational cones C'(P’) C
C(P) and their duals:

C(P)” C C(P")Y C Hom(P%, Q).

Let ¢ be an indecomposable element of C(P’)Y. Since P’ = F®Q, C(P')Y =
C(F)Y @ C(Q)Y, and since ¢ is indecompsable, ¢ either belongs to C'(F')Y
or to C(Q)V. In the first case, ¢ contains all of @, and so factors through
F+ Q% = P +Q%. As we have seen, F' + Q% is all of P + Q% and it
follows that ¢ is nonnegative on all of P+Q%, i.e., ¢ belongs to C'(P). In the
second case, G := ¢ N Q is a facet of Q, and hence is an r — 1-dimensional
face of P, furthermore ¢ factors through P’ + F9% + G9. Our assumption
implies that F'+G9 is a facet of P+G9, and hence (P+G%)/(F +G9) is a
one-dimensional sharp monoid. Since P’/(F+@G) is also one-dimensional, the
map P'/(F+G) — (P+GY%)/(F+G9) is almost surjective. This means that
for every p € P, there is a positive m such that mp belongs to P’ 4 F9% 4 G9P.
But this implies that ¢(p) > 0 for every p, and hence that ¢ € C(P)Y. We
conclude that C(P')Y = C(P)Y and hence that C(P’) = C(P). Hence for
every p € P, there exists a positive integer m such that mp € F & (). Since
F® QY =P+ Q%, we can write p = f + x with f € F and x € Q.
But then mp = mf +mx € F ® Q, so mx € (). Since @ is a face of P
and P is saturated, () is also saturated, so x € ) also. This proves that
P=F+Q=F&Q, so Fis a direct summand of P. O

Example 2.4.3 The saturation hypothesis is not superfluous. To see this,
consider the submonid P of N @ N generated by {(2,0),(3,0), (1,1),(0,1)},
and the face F' generated by (0, 1).

IThis proof is due to Bernd Sturmfels
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Proposition 2.4.4 Let P be a fine sharp saturated monoid. Then P is free
if and only if every face of P is a direct summand.

Proof: Suppose that every face of P is a direct summand. We prove that
P is free by induction on its dimension. If the dimension of P is one, the
result follows from (??). Assume the result is true for all monoids of smaller
dimension and choose a face F' of P of dimension one. Then we can write
P =F&Q, and Q is necessarily a face of P. Every face G of @) is also a
face of P and hence is a direct summand of of P: P = G & @’. In particular,
any ¢ € ) can be written as g + ¢’ with ¢ € G and ¢ € Q'; since @ is a
face of P, ¢' € ). Thus in fact we have Q = G @& Q' N Q, so G is a direct
summand of ). Thus () enjoys the same property as P, and hence is free
by the induction hypothesis. Since F'is free and P = F' & @, P is also free.
Conversely, suppose P is the free monoid generated by a finite set S. Then
because P is free, the mapping taking a subset of S to the face it generates
establishes a bijection between the set of subsets of S and the set of faces of
P. Furthermore, if T is a subset of S, then P = (T) & (S\ 7). O

2.5 Idealized monoids

A surjective map of commutative rings A — B induces a closed immersion
Spec(B) — Spec(A), but the analog for monoids is not true: if @ — P is
any morphism of monoids, the generic point of Spec @ lies in the image of
Spec P, so the map Spec P — Spec @) cannot be a closed immersion unless
it is bijective. To remedy this we introduce the category Imon of idealized
monoids. This is the category of pairs (Q, J), where @ is a monoid and J is
an ideal of @; morphisms (@, J) — (P, I) are morphisms ) — P sending J
to I. The functor Imon — Mon taking (@, J) to @ has a left adjoint, taking
a monoid P to (P,0), and we can view Mon as a full subcategory of Imon.
Furthermore we have a functor from the category of commutative rings to
the category Imon, taking a ring A to its multiplicative monoid together
with the zero ideal.

If T is an ideal of a monoid @, then the ideal of R[Q] generated by
e(I) is free with basis e|;, and we denote it by R[I]. Thus the quotient
R[Q]/R[I] is a free R-module with basis @ \ I. For any R-algebra A,
Homimon((@, 1), (A,0)) = Hompg(R[Q]/R[I], A), so that the functor (Q, I) —
R[Q]/R[I] is left adjoint to the functor A — (A,0).
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Inductive and projective limits exist in the category of idealized monoids,
and are compatible with the forgetful functor Imon — Mon. For example,
if u;: (P, I) — (Qy, J;) is a pair of morphisms and v;: Q; — @ is the pushout of
the underlying monoid morphisms, then v;: (Q;, J;) — (Q, J) is the pushout,
where J is the ideal of ) generated by the images of J;.

A morphism of idealized monoids

0:(Q,J) — (P,I)

is said to be ideally exact if J = 67(I), and to be eract if in addition its
underlying morphism is exact.

Proposition 2.5.1 Let 0: () — P be an exact morphism of integral monoids,
let J be an ideal of (), and let I be the ideal of P generated by the image of
J. Then 0:(Q, 1) — (P, J) is (ideally) exact.

Proof:  Suppose that p € P and 6(p) belongs to J. Then there exists an
element ¢ of ) and an element p’ of I such that 6(p) = ¢ + 6(p’). Thus
0% (p — p') € @ and hence p — p' € P. Since p’ € I, this implies that
pel. ]

3 Affine toric varieties

3.1 Monoid algebras and monoid schemes

Let R be a fixed commutative ring, usually the ring Z of integers or a field,
and let Algy, denote the category of R-algebras. If @) is any monoid and
R is any commutative ring, the R-monoid algebra of () is the R-algebra
whose underlying R-module is free with basis (), endowed with the unique
ring structure making the inclusion map e: Q — R[Q] a morphism from the
monoid ) into the multiplicative monoid of R[Q]. Thus, if p and ¢ are
elements of @ and if we use additive notation for @, e(p + q) = e(p)e(q);
for this reason we sometimes write e” for e(p). For example, R[N] is the
polynomial algebra R[T] where T = e'. More generally, if N is the free
monoid with basis X, then R[N)] is the polynomial algebra R[X]: if I €
N el corresponds to the monomial X' := [[{z's : z € X}.
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The functor @ — R[Q)] is left adjoint to the functor taking an R-algebra
to its underlying multiplicative monoid. Consequently it commutes with
inductive limits. For example, if u;: P—=(); are maps of monoids for i = 1,2
and @ is their amalgamated sum, then R[Q)] =2 R[Q:]®pg(p R[Q2]. Similarly, if
S is a -set, we denote by R[S] the free R-module with basis S, endowed with
the unique structure of R[Q]-module which is compatible with the action of @
on S. Then if T'— S is a basis for S as a @-set, the induced map 7" — R][S]
is a basis for R[S] as a @-module, and if S and S’ are Q)-sets, there is a
natural isomorphism R[S ®¢ S'| = R[S] ®r(q R[S].

If Ais an R-algebra, a morphism from a monoid @ to the monoid (A4, -, 1)
underlying A is sometimes called an A-valued character of Q). The set Aq(A)
of A-valued characters of () becomes a monoid with the multiplication law
defined by the pointwise product and the identity element given by the con-
stant function whose value is 1. Thus we can view Aq as a functor

Aq: Algr — Mon

from the category of R-algebras to the category of monoids. The functor Aq
taking A to the set of all the A-valued characters of () is representable by the
pair (R[Q],e), where R[Q] is the monoid R-algebra of Q) and e: QQ — R|[Q)] is
the map taking an element of @) to the corresponding basis element of R[Q)].
The resulting monoid structure on Aq defines a structure of a monoid-scheme
on Aq, whose identity section 1¢ and multiplication law g are given by the
homomorphisms

1g:R[Q] = R: ) age— > aq

po: R[Q] — R[Q] @ R[Q]: el el ®el.

In particular, we let A,, denote the functor Ay, which takes an R-algebra A
to the multiplicative monoid underlying A.

The following proposition shows that () can be recovered from the functor
Aq (with its monoid-scheme structure).

Proposition 3.1.1 Suppose that Spec R is connected. Then the functor
P +— Ap from the category of monoids to the category of monoid schemes is
fully faithful:

Hom(@, P) = Hom((Ap, 1,), (Aq, 1,-)).

In particular,
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1. the monoid of characters of Ap, i.e., of morphisms Ap — A,,, is canon-
ically isomorphic to P, and

2. the monoid of cocharacters of Ap, i.e. of morphisms A,, — Ap, is
canonically isomorphic to PV.

Proof: A morphism of schemes Ap — Aq corresponds to a morphism of
rings 0: R[Q] — R[P]; if ¢ € Q let us write 0(e?) = X ,cpay(q)e? with
a,(q) € R. The statement that 6 corresponds to a monoid morphism is the
statement that the following diagrams commute:

RQ " RiP) RQ— . R
g lp 1Q pp
R4 g rQ @ riQ) "2Y rip @ RIP

The second diagram says that for any ¢ € @,

Z ap(q)ay (q)e” @ e = Z ap(q)e? @ er;
p,p’ D

i.e., that 3, a,(q)ay(q) is zero if p # p’ and is a,(q) if p = p'. In other
words, the a,(q)’s are orthogonal idempotents. The first diagram says that
for any ¢, > cpay(q) = 1. Since Spec R is connected, every idempotent is
either 0 or 1. Thus, there is a unique element 3(q) € P such that a,(q) = 0 if
p # 0(q) and a,(q) =1 if p = B(q). Thus §oe = eo 3, where [ is a function
@ — P. Since 6 is a ring homomorphism, ( is a monoid homomorphism, as
required. O

The proposition shows that elements of PV correspond precisely to mor-
phisms of monoid schemes A,, — Ap, i.e., to “one parameter submonoids,”
which we call monoidal or logarithmic flows .

In order to work with modules over the monoid algebra R[Q)], it is helpful
to recall that a monoid (@) is a category with a single object. A functor from @)
to the category of R-modules amounts to an R module £ and a morphism of
monoids @) — Endg(F), i.e., an R[@Q]-module. Thus giving a quasi-coherent
sheaf on Aq is the same as giving a functor from @ to the category of R-
modules. To incorporate the monoid scheme structure of Aq, we introduce
the concept of a Q-graded module.
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Definition 3.1.2 A Q-graded R|Q]-module is a functor from the category
T7Q (1.1.6) to the category of R-modules.

If @ is an integral monoid and ¢, g2 € @, then Morzg(q1, ¢2) contains a
single element if ¢; < ¢o and is empty otherwise. To give a Q-graded R[Q]-
module £ is to give an R-module E, for every ¢ € (), and for every ¢,p € Q)
an R-linear map h,: B, — E,,,, compatible with composition and such that
ho = id. Thus @,E, becomes an R[()]-module in the usual sense.

If £ is any R[Q]-module, let VE denote the spectrum of the symmetric
algebra of E, regarded as a Aqg-scheme. For any R[(Q)]-algebra A, VE(A) is
the set of R[Q]-linear maps F — A, and has a natural structure of an A-
module. Let a: (Q — A be the A-valued character of () corresponding to the
R[Q]-algebra structure of A. If E is Q-graded, then an element o of VE(A)
can viewed as a collection of R-linear maps

opo B, —Aqeq

such that for each p,q € @, the diagram

B, .4
hy a(p)
o Oq+p A

commutes. The @-grading of E endows the R-scheme underlying VE with
an action pp of the monoid scheme Aq(A). For any R-algebra A, the set of
A-valued points of the R-scheme V E is the set of pairs (o, ), where « is an
A-valued character of ) and o is a family of R-linear maps as above. Now if
if B € Aq(A) and (0, ) € VE(A), we define up:Aq xVE — VE by

1p(8, (0,0)) := (B0, Ba) € VE(A),

These maps define an action of the monoid Aq(A) on the set VE(A), are
compatible with the A-module structure of VE(A), and are natural with
respect to the maps induced by homomorphisms A — A’. Furthermore, it
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follows from the definition that ug fits in a commutative diagram:

AgxVEME . vE

idx s

A x Ag 1

Aq

Proposition 3.1.3 The construction of the previous paragraph defines an
equivalence between the category of Q-graded R[Q)]-modules and the category
of quasi-coherent sheaves E on Aq endowed with an action of Aq compatible
with the multiplication ji of the monoid scheme as in the diagram above.

Proof: In general, if F is any R[Q]-module, to give an action of Ag on VE
amounts to giving a map pp: £ — R[S]®gF, linear over the comultiplication

R[Q] — R[Q] ® R[Q], such that the diagrams below commute:

E—"EROeE

ldg 1o ®idg
E
E s - RQ|® E
05 po @ idg
RQI®E RQ® RIQ]® E

idR[Q] Q UE
If e € E, write pgp(e) = > e? ® m,(e). Then each 7, E — E is an R-linear
map, and the diagrams above say that >, 7, = idg and 7, 0 7, = 0, 47,. In
others words, {7, : ¢ € Q} is the family of projections corresponding to a
direct sum decomposition £ = @E,. If e € E,, ugp(e) = e @ e, and since ug
is linear over pq,

pr(ele) = (e? @ e’ up(e) = (e’ @ eP)(e? ® e) = e’ ® ePe,
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so that e?e € E,4,. Thus E defines a functor from 7() to the category of
R-modules. We leave to the reader the verification that this construction is
quasi-inverse to the construction described before the proposition. O

For example, if V' is a R-module, a Q-filtration on V is a family of sub-
modules F, C M such that F,, C F,, whenever ¢ < ¢’. Then @ F, C V®R[Q)]
is an R[Q]-submodule, invariant under the action of the monoid scheme Aq.
A Q-filtration on R defines an ideal of R[], and the corresponding closed
subscheme of Aq is stable under the action of () on itself. If K is an ideal in
Q, the free R-module R[K] with basis K can be viewed as an ideal of R[Q)]
defined by the Q-filtration which is 0 for ¢ € K and is R if ¢ € K. When R
is a field, every Q-filtration of R has this form.

If @ is a monoid and A is an R-algebra, Aqe(A) is precisely the set of
invertible elements of Aq(A), i.e., Aqw = Ag. If Q is fine, the localization
R[Q] — R[Q%] is injective and of finite type, and hence Ay — Aq is a
dominant and affine open immersion.

Corollary 3.1.4 Let V be a R-module and let E be a sub-R[Q]-module of
V ® R[Q]. Then E is invariant under the action of Aq on V ® R[Q) if and
only if E is given by a Q-filtration on V. If () is integral, this is the case if
and only if E is invariant under the action of the subgroup Aqe = Ag. In
particular, if R is a field, the ideals of R[Q)] which are invariant under the
action of Aq correspond bijectively with the ideals of Q).

Example 3.1.5 Let ) be an integral monoid such that Q9 is torsion free
of rank n. For each ¢ € @, let (¢) be the face of @) generated by ¢ (1.3.2). If
q € Q, (q) C{(g+¢). Hence q — (q)% C Q% defines a Q-filtration of Q9%
and hence a Ag-invariant submodule of Z[Q] ® Q. More generally, for any
integer ¢,

g N} C NQw

defines a Q-filtration of A'Q%. When ¢ = n, this filtration is the filtration
given by interior ideal I of @ (1.3).

Remark 3.1.6 Sometimes it is natural to consider R[@)]-modules which are
graded by a @-set S. Such a module E has a direct sum decomposition
as R-modules £ = ®F, : s € S, and if ¢ € ), multiplication by e? maps
E; to E, 5. In other words, E is a functor from the transporter category
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7S (1.1.6) of S into the category of R-modules. To interpret such modules
geometrically, one can associate to the @)-set S the scheme V.S which to any
A associates the set of pairs (0, ), where « is an A-valued character of Q)
and 0: ) — A is a morphism of @Q-sets (over ). Then V.S(A) has a natural
structure of an A-module, and also of a monoid, and the map VS — Aq is
a morphism of monoid schemes. Associated to an S-graded R[Q]-module is
a quasi-coherent sheaf on V.S which is invariant under the monoid structure
of VIS and compatible with the A-module structure. Since we shall not use
this construction, we omit the details.

3.2 Faces, orbits, and trajectories

If K is an ideal in a monoid @, let Aqx denote the functor which takes
an R-algebra A to the set of maps (@, K) — (A,0); as we have seen, this
functor is representable by R[Q]/R[K]. Thus Aq is a closed subscheme of
the monoid-scheme Aq, invariant under the action of Aq on itself by (3.1.4).
In other words, Aqk is an ideal-scheme of the monoid-scheme of Aq: for
every A, the image of the map

ik (A):Aqr(A4) — Aq(A)

is an ideal in the monoid Aq(A). If @ is sharp, then Aqq+ = S := Spec R.
The corresponding R-valued point of () is the homomorphism v: () — R such
that vo(0) = 1 and vo(g) = 0 if ¢ € QT. It is called the verter of Aq.

In particular, let p be a prime ideal of @ and let F' := @ \ p be the
corresponding face. The inclusion F' — () defines a morphism of monoid
algebras R[F] — R[Q] and hence a morphism of monoid schemes

T‘FZAQ — AF-

The composition of the map R[F] — R[Q] with the homomorphism zg R[Q] —
R[Q, p| is an algebra homomorphism and induces a bijection on the canonical
basis elements, and hence induces an isomorphism of schemes Aq, — Af.
Let
ip:Ap — AQ

be the composition of the inverse of this isomorphism with the closed immer-
sion 7p. Thus,

4 q _{eq ifge F

ip(e?) =

P(e) 0 otherwise.
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Proposition 3.2.1 Let F be a face of an integral monoid Q, let ir and rp
be the morphisms defined above, and let ig/r be the closed immersion in-
duced by the surjection Q — Q/F. These morphisms fit into a commutative
diagram with Cartesian squares:

v
IS Q/F Ag/r L g

1p iQ/F 1p
Ar — 2 oA —E A

In this diagram, 1g is the map corresponding to the identity of the monoid
scheme Ag and vg,r is the vertex of the (sharp) monoid scheme Aq/e. The
map rp is a morphism of monoid schemes, and the morphism i is compatible
with the actions of the monoid scheme Aq on itself and on Ag = AQ,P' If Q
is fine, then iy is a strong deformation retract.

Proof: The closed immersion ip preserves the composition law for the
monoid schemes Ag and Aq but not the identity section of the monoid scheme
structures, so that Ag cannot be regarded as a submonoid of Aq—in fact it
is an ideal subscheme of the monoid scheme Aqg. On the other hand, the
inclusion F' — @ defines a map R[F| — R[()] and hence a map rr: Aq — Af.
Since rr is induced by a monoid homomorphism, it is a morphism of monoid
schemes. It follows from the definitions that rp o ip = idAF- Thus rr and
ip are morphisms of Aq-sets, and rp(a) = rp(a-1) = arp(la) for every
a € Aq(A). Since rp is surjective, it follows that Aq(A) is a principal ideal
of Aq(A), generated by r(14).

One checks immediately that the two squares in the above diagram com-
mute. The outer rectangle is just the identity rectangle, and hence the square
on the left will automatically be Cartesian if the square on the right is Carte-
sian. The latter is the assertion that the ideal of the closed immersion ig/r
is the ideal I generated by the set of all e/ — 1 such that f € F. Indeed, it
is evident that zﬁQ  annihilates all these elements and hence factors through
a map R[Q]/I — R[Q/F]. On the other hand, the map @ — R[Q]/I sends
F to 1, and hence factors through @/F, by its universal mapping property.
This gives the inverse map map R[Q/F] — R[Q]/I.
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If @ is fine, then by (2.2.2) there exists a morphism h: @ — N such that
h~*(0) = F. Then h defines a morphism ¢:A,, — Aq; on A-valued points
t(a) = a”; where a” is the homomorphism @ — A sending ¢ to a"@. Let

fAQ XAm _>AQ

be the composition of ida, x ¢ with the multiplication map y of the monoid
structure on Aq. On A-valued points, f sends (z,a) to za". Let iy and
i1 be the sections of A,, corresponding to 0 and 1 and let j, and j; be the
corresponding maps Aq — Aq XA,,. We check that f o jy = ip orp and that
f o071 =id on A-valued points. The second of these calculations is obvious,
and for the first, we just have to observe that f(x,0) = 20" and remember
that 0" is 0 if n > 0 and is 1 if n = 0. Finally, if x belongs to the image of
ir, then for any a, f(z,a)(q) = z(¢)a™? = x(q), since z(¢) = 0 whenever
h(q) # 0. This proves that ir is a strong deformation retract. O

Corollary 3.2.2 If () is a fine sharp monoid, then Aq(C), with the complex
analytic topology, is contractible.

When £ is a field and @) is integral, the monoid Aq(k) admits an explicit
description in terms of the faces of Q. If z € Ag(k), let F(x) := 27 '(k*), a
face of Q. If x and z are points of Aq(k), then F(zz) = F(z) N F(z). The
map = — F(x) from Ag(k) to the set of faces of @) defines a partition of
Aq(k). Note that x is zero outside of F'(z) and induces a map F% — k*
which in fact determines x. Thus we can view a point of Aq(k) as a pair
(F,z'), where F' is a face of @ and z: F9% — k*.

Proposition 3.2.3 Let () be a fine monoid, let k be a field, and let F' be
a face of (). Then the set of all y € Aq(k) such that F(y) = F is a Zariski
dense and open subset of Ag(k) C Aq(k). If v and y are two points of Aq(k),
then the following are equivalent:

1. F(y) € F(x)
2. y¢€ AF(X)(k)

3. There exists a z € Aq(k) such that y = zx.
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Furthermore, if either k is algebraically closed or Q9% /F(x)% is torsion free,
then F'(y) = F(x) if and only if there exists a z € Ag(k) with y = zx. In
particular, if k is algebraically closed or if Q9% /F9P is torsion free for every
face F' of (), then the partition of Aq(k) defined by the faces of () corresponds
to its orbit decomposition under the action of Ag, and the stratification by
the closed sets Ag (k) corresponds to the trajectories under the action of Aq(k)
on itself.

Proof:  We identify a point y of Aqq) with the corresponding character
@ — k. Then F(y) C F if and only if y(Q \ F') = 0, i.e., if and only if y
factors through ir; hence the equivalence of (1) and (2). Since F is fine, Af
is Zariski dense in Af, and the inclusions Af(k) € Agr(k) C Aq(k) identify
Af (k) with the set of all y such that F(y) = F. If F(y) C F(x), define
z:Q — k by 2(q) == 01if ¢ € @\ F(z) and z(q) := y(q)/z(q) if ¢ € F(x).
Then in fact z € Aq(k), and y = zz. Thus (2) implies (3), and the converse is
obvious. If F':= F(z) = F(y), then y/z defines a homomorphism F% — k*.
If k is algebraically closed, k* is divisible, and if (Q/F9) is torsion free, the
sequence F'9% — Q9% — )/ F9 splits. In either case, there exists an extension
z of y/x to Q9 and then z defines a point of Ag such that zx = y. O

3.3 Properties of monoid algebras

Proposition 3.3.1 Let P be an integral monoid and let R be an integral
domain.

1. If P9 s torsion free, then R[P] is an integral domain.

2. If in addition P is finitely generated and R is normal, then R[P%"] is
the normalization of R[P|. In particular R|[P] is normal if and only if
P is saturated.

Proof: First suppose that P is finitely generated. Then if P9 is torsion
free, it is free of finite rank, so

R[P) = R[T\, Ty, ... T, T ]

for some n. (Geometrically, Ap = Apg is a torus over Spec R.) In particular
R[P9] is an integral domain, and since R[P| C R[P%], R[P] is also an inte-
gral domain. In general, P is the union of its finitely generated submonoids
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P\, and each Py’ is torsion free if P9 is. Then R[P] is the direct limit of
the set of all R[P,], each of which is an integral domain, and hence it too
is an integral domain. Since R[P*'] is generated as an R[P]-algebra by P
and since e? is integral over R[P] for every p € P*' R[P*'] is integral over
R[P]. Since R[P®*] C R[P9], which is contained in the fraction field of R[P],
R[P*'] is contained in the normalization of R[P]. It remains only to prove
that R[P*'] is normal. Since P*** is fine, we may and shall assume without
loss of generality that P is saturated. By (2.3.11), P is the intersection in
P9 of all its localizations at height one primes p, and hence R[P] is the in-
tersection in R[P9] of the corresponding monoid algebras R[Fp]. Since the
intersection of a family of normal subrings of a ring is normal, it will suffice
to prove that each R[F] is normal. Replacing P by P,, we may assume
that P is saturated and of dimension one. Then P is a one-dimensional toric
monoid, hence by (2.3.10) it is isomorphic to N. Choose any element p of
P whose image in P is the generator. The corresponding map P* & N — P
is then an isomorphism. Since P* C P9% is a finitely generated free group,
P =~ Z" N for some n. Hence R[P] = R[T}, Ty ",...T,, T;',T)], which is
normal since R is. (One can check easily that R[P] satisfies Serre’s conditions
SQ and Rl) ]

To see that the hypothesis on P is not superfluous, consider the sub-
monoid P of Z & Z/2Z generated by p := (1,0) and ¢ := (1,1). This is the
free monoid generated by p, ¢ subject to the relation 2p = 2¢. It is sharp and
fine, but R[P] = R[z,y|/(z* — y*), which is not an integral domain if R # 0.

A deeper theorem of Hochster whose proof [12] we cannot give here,
asserts:

Theorem 3.3.2 The monoid algebra of a fine saturated monoid over a field
is Cohen-Macaulay.

The following result is an immediate consequence of its analog (2.3.13)
for monoids.

Proposition 3.3.3 Let R be a ring and P a fine monoid of Krull dimension
d. For eachi=0,...d, let K; :==N{p € Spec R : htp <i}. Then Ap \AP,K;H
is covered by the special affine open subsets Ap_, where F' ranges over the
set of faces F' such that tk P/F = i. In particular, Ap \ Apk, is covered by
the set of Ap_ for the facets of P, and if P is toric, each of these is a product
of a torus with an affine line over Spec R.
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O
Let P be an integral monoid and R any ring. We shall find it useful to
investigate further the relationship between ideals in P and ideals in R[P)].

Definition 3.3.4 Let f := 3 pa,(f)e? be an element of R[P].
1 o(f)={pe P aylf) #0}.
2. K(f) is the ideal of P generated by o(f).

3. If I is any ideal of R[P], K(I) is the set of all p € P for which there
exists some f € I such that a,(f) # 0.

Note that K(I) is in fact an ideal of R[P]. Indeed, if p € K(I) and
q € P, then e?f € I, and agp,(e?f) = a,(f) # 0. In fact, K(I) is the
smallest ideal K of P such that I C R[K]. Geometrically, Ap i is the largest
closed subscheme of Z(I) which is invariant under the action of Ap on itself.

Proposition 3.3.5 Suppose that f and g are elements of R[P].
L o(f +g) Co(f)Uoalg), hence K(f +g) € K(F)U K(g).
2. a(fg) Co(f)+a(g), hence K(fg) € K(f) + K(g) € K(f) N K(g).
3. K(f) = K((f)), where (f) is the ideal of R[P] generated by f.
4. If I and J are ideals of R[P], K(I.J) C K(I) + K(J).

Proof: The first two statements follow from the fact that for every p € P,

ap(f+9) = ap(f) +ay(g)
ap(fg) = Z ap, (f)ap,(9)

p1+p2=p

It is apparent from the definition that o(f) C K((f)), and hence that K(f) C
K((f)). On the other hand, for any h € (f), it follows from (2) that o(h) C
o(f) and hence that K(h) C K(f). O

We shall be especially interested in determining when K(f) is principal.

Proposition 3.3.6 Let P an integral monoid and let R be a ring.
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1. If f € R[P], K(f) is the unit ideal of P if and only if f does not belong
to the ideal R[P™] of R[P)].

2. More generally, K (~ f) is principally generated by an element p of P if
and only if f = ePf, where f € R[P] and K(f) = P.

3. Suppose R is an integral domain and P* is torsion free. Then if f and g
are elements of R|P] such that K(f) and K (g) are principal, the same
is true of fg, and K(fg) = K(f) + K(g).

Proof: 1f K := K(f) is generated by p, then k —p € P for every element
k of K(f). Hence f = Yjcx are® = e? X, ape®P, so f = ePf where f =
Sk aret~P. Then

(p) = K(f) € K(e") + K(f) = (p) + K(f),

and it follows that K(f) = P. Conversely, if f = e?f with K(f) = P, then
certainly K(f) C (p). But if f = 3 a,ef, there exists a ¢ € P* such that
ay # 0, and then p+q € K(f), sop € K(f). If K(f) is principally generated
by p and K(g) is principally generated by ¢, then f = e’ f and g = €73,
where f and § belong to R[P]\ R[P*]. The quotient of R[P] by R[P*] is
isomorphic to R[P*]. If P* is torsion free and R is an integral domain, then
R[P*] is also an integral domain by (3.3.1). Hence R[PT] is a prime ideal,
and so K(fg) = P. Since fg = ePTfg, it follows that K(fg) is principally
generated by p + q. O]

Consider the submonoid P of N generated by 2 and 3, and let f =
e(2) +e(3) and g = e(2) — e(3). Then K(f) = K(g) is the ideal (2,3) of P,
which is not principal, but (fg) = e(4) — e(6) = e(4)(1 — e(2)), so K(fg)
is principally generated by 4. Thus, the converse of (3.3.6.3) is not true in
general. We shall see that it does hold if P is toric.

Recall from (2.3.10) that associated to each height one prime p of a fine
monoid P there is a homomorphism vp: P — N. If K is a nonempty ideal of
P, then the ideal of ?;at = N generated by K is principal, generated by an
element k such that vp(k) = vp(K), where

vp(K) = inf{vp(k) : k € K}.

If f € R[P],let vp(f):=vp(K(f)). That is, vp(f) is the minimum of the set
of all vp(p) such that p € o(f).
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Proposition 3.3.7 Let P be a toric monoid and let R be an integral domain.

1. If K is an ideal of R[P] and p € K is an element such that vy(p) =
vp(K), for every height one prime p, then K is principally generated

by p.

2. If f and g are elements of R[P], then for every height one prime p,
vo(fg) = vp(f) + vp(g). Moreover, K(fg) is principal if and only if
K(f) and K(g) are.

Proof: Suppose the hypotheses of (1) hold and £ € K. Then vy(k —p) > 0
for every height one prime p of P. By (2.3.11), k — p € P, and it follows
that K is principally generated by p. The homomorphism Ap: R[P] — R[F]
is injective, so K (Ap(f)) is the ideal Ky of P, generated by K. Since P, is
saturated, this ideal is principal and since Py is torsion free, (3.3.6.3) implies
that Kyp(fg) = Kp(f)+Kp(g) for any f and g, hence vy(fg) = vp(f)+vp(9).
We already know that K (fg) is principal if K(f) and K(g) are. Conversely,
if K(fg) is principally generated by r, (3.3.5.1) shows that r can be written
as a sum p + ¢, with p € K(f) and ¢ € K(g). Then for any p of height
one, vp(p) > vp(f) and vp(q) > vp(g). On the other hand, vp(p) + vp(q) =

vp(r) = vp(fg) = vp(f) + vp(g). Hence vp(p) = vp(f) and vp(q) = vp(g) for
every p. By (1), this implies that K (f) and K(g) are principal. ]

Corollary 3.3.8 Let R be an integral domain, P a toric monoid, and F a
face of P. Then the set F of elements o of R|P| such that K («) is principally
generated by an element of F' is a face of the monoid R[P).

Proof: 1f a and 3 belong to F, then K(a) = (p) and K(5) = (¢q) with p
and ¢ in F, so by (3.3.6.3) K(af) = (p+¢q) and p+ ¢ € F. Thus F is a
submonoid of R[P]. Conversely if o € F, then by (3.3.7.2) K(a) and K ()
are principal, say generated by p and q respectively. Then p + ¢ generates

K(af) and lies in F, Since F' is a face, each of p and ¢ belongs to F' and
each of a and [ belongs to F. Thus F is a face of R[P]. O

Our next result is a generalization of a theorem of Kato [13, 11.6]. Its
goal is to compute the “compactification log structures” associated to certain
open embeddings of monoid schemes.
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Let P be an integral monoid, let R be a ring, and write X for Ap. For
each open subset U of X, we have a natural map of monoids

P — R[P| =T(X,0x) — I'(U, Ox).

Then the set Gy of elements of P which map to a unit of ['(U,Ox) is a
face of P, and if V C U, Gy C Gy. Thus there is a natural map from the
localization Py of P by Gy to the localization Py, of P by Gy, and U — Py
defines a presheaf of monoids on X. For each U, Py = P/Gy, and U — Py
also defines a presheaf of monoids on X. Let M x denote the corresponding
sheaf.

Now suppose that F' is a face of P. For each open subset U of X, let
F(U) denote the face of Py generated by F, and let F'x denote the sheaf
associated to the presheaf sending U to F(U).

Theorem 3.3.9 In the above situation, assume that R in an integral domain
and that P is toric. Let I' be a face of P, view Ap_ as an open subset of
X, and let Y := X \ Ap_. Then the natural map P — Ox induces an
isomorphism of sheaves of monoids

Proof: The existence of the map is easy to see. If U is any open subset of
X and if f belongs to the face of P(U) generated by the image of F' — P(U),
then e/ defines an element of I'(U, Ox) and hence a Cartier divisor D; on U.
Since e/ is invertible on U N Ap., Dy has support in Y, as desired. Finally,
note that if f is a unit in P(U), then Dy is the zero divisor on U, so our map
factors through F(U). Since I'y(Div¥) is a sheaf, it also factors through a
map Fx — Iy (Divy), as desired.

To finish the proof of the theorem it will suffice to prove that our mapping
is an isomorphism on stalks. Let x be a point of X and let GG, be the set of
elements of P which map to units of Ox ,. Then G, is a face of P and the
map P — Oy, factors through the localization P, of P by ;. Replacing P
by P, and F' by the face it generates in P,, we may assume without loss of
generality that G, = P*, or equivalently that the ideal of R[P] corresponding
to  contains the ideal R[PT]. An element of I'y(DivY ), can be regarded as
a principal ideal I in the local ring Ox , which becomes the unit ideal in the
localization of Ox , by F. Suppose that p and ¢ are elements of F' and e”
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and e? define the same ideal of Ox ;. Then there exist v and v € R[P] not
vanishing at z such that ue? = ve?. But then u and v belong to R[P]\ R[P*],
and hence by (3.3.6) K (ue?) = (p) and K (ve?) = (¢q). Then (p) = (¢) and so
p and g have the same image in F. This proves that € is injective. To prove
that it is surjective, suppose that [ is a principal ideal of O , which becomes
a unit in its localization by F. If f generates I, there exist a g € Ox, and
r € F such that fg = €", and there exist u and v € R[P] not vanishing at
x such that « = fu and § = gv belong to R[P]. Then uwv ¢ R[PT] and
aff = fugv = e"uv. Thus by (3.3.6), K(af3) is generated by r, an element of
F. Tt follows from (3.3.8), that K(«) and K(3) are respectively generated
by elements p and g of F, Write & = e?& and 8 = €13 with & and 3 in
R[P]\ R[P*] and p+ ¢ = r. Then a3 = uv, so & and § do not vanish at z.
Since f = au'e? in Ox,, P generates I. This proves the surjectivity. [

It will be important in the applications to know that the previous result
is also true if one takes the stalks in the étale topology of X. This is not
trivial because if n: X’ — X is étale, the natural map n~*Divi — Divk, is
not an isomorphism in general. However in our case the difficulty is overcome
by the following observation.

Lemma 3.3.10 Letn: X' — X be an étale morphism of normal schemes and
let Y C X be a closed subscheme each of whose irreducible components is
purely of codimension one and unibranch. Then if Y’ := n~1(Y"), the natural
map

'Ly (Divy) — Ly/(Divy:)

is an isomorphism.

Proof: We first prove this result with Weil divisors in place of Cartier di-
visors. Let 2’ be a point in X’ and let x := n(x) € X. Since X' — X is
étale, Y is purely of codimension one in X’. The stalk of I'y,(W5%,) at 2/
is the free monoid generated by the irreducible components of Y’ containing
x'. If Z' is such a component, its image Z in Y is an irreducible component
of Y containing z. Since 7 is étale and Z is unibranch, n71(Z) has a unique
irreducible component passing through 2/, which must therefore be Z’. This
shows that in fact

n ' Ly(Wyx) — Ly (W5)

is an isomorphism. Since X and X’ are normal, the Cartier divisors are
contained in the Weil divisors, and since 7 is faithfully flat, a divisor on X
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is Cartier if and only if its inverse on X’ is. Therefore the result is also true
for Cartier divisors. O

For example, in the situation of (3.3.9), the irreducible components of Y’
are defined by the height one primes p of ) such that p N F is not empty. If
R is normal, then so is each quotient R[Q]/R[p] = R[Fy], and in particular
it is unibranch.

Corollary 3.3.11 Suppose in the situation of (3.3.9) that R is normal and
n: X' — X is étale. Then if Y’ :=n~}(Y) and 2’ is a point of X' mapping to
X, the map

F, — Dy/(Divy)y

is also an isomorphism.
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4 Morphisms of monoids

Just as the geometry of monoids describes the skeletal structure of local mod-
els for smooth log schemes, morphisms of monoids are the basic local models
for smooth morphisms of log schemes. Exact, local, and strict morphisms are
basic to the vocabulary and are studied in the first section. The remaining
sections are devoted to more subtle notions, including small, integral, and
saturated morphisms.

4.1 Exact, sharp, and strict morphisms

Definition 4.1.1 A homomorphism of monoids 0: () — P is sharp if the
induced map QQ* — P* is an isomorphism, and is strict if the induced map
(@) — P is an isomorphism.

For example, the unique map from the zero monoid to M is sharp if and
only if M is a sharp monoid.

Proposition 4.1.2 Let 0: () — P be a sharp and strict monoid homomor-
phism. Then 0 is surjective, and if P is quasi-integral 6 is bijective.

Proof: If p € P then since 0 is surjective there exist ¢ € Q and u € P* with
0(q) = p+ u. Since 6* is surjective there exists a v € Q* with §(v) = —u,
and then 6(v + ¢) = p. If 8(¢1) = 0(¢2), then because 8 is injective it follows
that there exists a v € Q* such that ¢o = ¢; +v. Then 0(q2) = 0(q1) +60(v)
0(gq2) +0(v). Since O(v) € P* and P is quasi-integral, it follows that 6(v) =
Since #* is injective, v = 0 and g = ¢;.

0= |l

To see that the hypothesis that P be quasi-integral is not superfluous,
let Z xn+ N =2 ZIINT be the join (1.3.5) of Z and N along N*. Then the
morphism from Z @ N to Z xn+ N =2 ZII N7 sending (m,n) to n in N* if
n > 0 and to m € Z if n = 0 is surjective, sharp, and strict but not bijective.

Recall from (2.1.8) that a morphism of integral monoids 0:Q — P is
exact if @ is the inverse image of P in Q%.

Proposition 4.1.3 In the category of integral monoids:

1. The natural map m: Q — Q is exact.
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2.10:Q) — P and ¢: P — R are exact, then so is ¢pof. If ¢ o8 and ¢
are exact, then 0 is exact. If ¢ o6 is exact and 0" is surjective, then ¢
is exact.

3. A morphism 0 is exact if and only if § is exact.

4. A morphism Q — P is local if it is exact, and the converse holds if @
is valuative.

5. An exact sharp morphism is injective. In particular, if  is exact, then
0 is injective.

6. If 0: ) — P is exact and (3:(Q — Q' is a morphism, then the pushout
0': Q' — P’ of 0 (in the category of integral monoids) is again exact. If
a: P' — P is any morphism, then the pullback 0": ()’ — P’ is exact.

Proof: Recall that (Q/Q*)% = Q% /Q*. Hence if x € Q9 and 7% (x) € Q,
xr = q+u where ¢ € Q and u € Q*, hence in fact x € () and 7 is exact. The
first two parts of statement (2) follow immediately from the definitions. To
prove the last part, suppose y € P% and ¢%(y) € R and write y = 69 (z) +v
with v € P* and x € P9%. Then since (¢ 0 0)%(z) = ¢%(y) — ¢(v) € R and
¢ o0 is exact, x €  and hence y € P. For (3), note that if §: QQ — P is any
morphism of integral monoids there is a commutative diagram

o—" .p
Y T
Q o P

in which the vertical arrows are exact and surjective. Thus (2) implies that
0 is exact if and only if 0 is. If 6 is exact and 0(q) € P*, then —q € Q% and
0(—q) € P,so —q € @ and g € Q*. Thus 6 is local. Suppose @ is valuative,
0 is local, and z € Q% with 0% (z) € P. If x ¢ @, then —z € @, hence
0(—z) € P, and hence 0(x) € P*. But then z € Q* C Q. If 6 is exact and
sharp, and if 6(q) = 6(¢’), then ¢ —¢' € Q% with 0(¢—¢') € P,soq—¢ € Q.
Similarly ¢ —q € Q, so ¢—¢' € Q*. Since 0(q—q') = 0 and @ is sharp, ¢ = ¢/,
so # is injective.
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Recall from (1.2.2) that the integral pushout P’ in (6) can be identified
with the image of Q'@ P in Q"% Ggar PP. Hence if y' € Q"9 and 09 (y') € P,
there exist ¢ € @, p € P, and y € Q9% such that v = ¢’ + 5(y) and p = 0(y).
Since 6 is exact, y € Q and soy' = ¢'+(y) € Q'. For the pullback statement,
note that although formation of the associated group does not commute with
fibered products, the natural map Q"9 — Q% X pgr P9 is injective. Now say
' € Q% and p' := 0'%(2’) € P'. Then 09 3% (2') = a9%'9?(z) = a(p’) € P.
It follows from the exactness of 6 that ¢ := %(z') € @, and there is a
unique ¢’ € @ such that 5(¢') = ¢ and 0'(¢') = p’. Then ¢’ and 2z’ have the
same image in Q"% X pgpr P9, and hence are equal. O

In particular, the family of exact morphisms is stable under composition,
pullbacks, and pushouts (in the category of integral monoids).

Examples 4.1.4 The morphism N@®N — N taking (m,n) to m+n is local
and sharp but not exact. A localization morphism @@ — Qr is, in general,
not local or exact. If K is an ideal of an integral monoid ) and a is an
element of K, then B ,(Q) :={y € Q% : a+y € K} is a submonoid of Q9
containing (), which corresponds to a part of the blow-up (?7) of @ along K,
and the morphism ) — By ,(Q) is in general not exact. On the other hand,
the diagonal embedding N — N @ N is exact.

Proposition 4.1.5 Let 0: () — P be a morphism of integral monoids. If § is
exact, then Spec 0 is surjective. The converse holds if () is fine and saturated.

Proof: Suppose that 6 is exact and q is a prime of ). Let 04:Qq — Py
be the localization of 6 by q. Since Py can be identified with Qg ©q P it
follows from (4.1.3) that  is exact and hence local. Thus if p is the prime
of P corresponding to the maximal ideal of Py, ~*(p) = q. This proves that
Spec 6 is surjective.

Conversely, suppose that @) is fine and saturated and that Spec8 is sur-
jective. Let x be an element of Q% such that 0(x) € P. Let q € Spec@
be a prime of height one. Since Spec#@ is surjective, there is a prime p of P
lying over q. Then the map (Qq — Fp is local. Since ()q is saturated and q
has height one, it follows from (2.3.10) that Qg is valuative. Then by (4) of
(4.1.3), the map Qq — P, is exact. Since the image of §(x) in P9 lies in B,
it follows that the x € QQq. Thus x € ()¢ for every prime of height one, and
since @ is saturated, it follows from (2.3.11) that = € Q. O
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Definition 4.1.6 A morphism 0: () — P of integral monoids is locally exact
if for every prime p of P, the localized map

Op: Qo-1(p) — Dp
is exact.

For example, the inclusion morphism N — Z is locally exact but not
exact. Conversely, the morphism 0: N @& N — N & N & N sending (a, b) to
(a,a+b,b) is exact but not locally exact. (Consider the face F of N N & N
consisting of those elements whose first two coordinates are zero. Then
6=*(F) = (0,0), and the corresponding localized map is N®&N — NONGZ,
which is not exact.)

Definition 4.1.7 A morphism f: X — Y of topological spaces is locally
surjective if for every x € X and every generization y' of f(z), there is a
generization ' of x such that f(z') =y’

Proposition 4.1.8 Let 0: () — P be a morphism of integral monoids. If 0
is locally exact, then Specf is locally surjective, and the converse is true if
() is fine and saturated.

Proof: Suppose 6 is locally exact and p € Spec P. Let q := 0~ '(p) and let
q’ be a prime of () containing g. Since 6 is locally exact, the localization map
0:Qq — Pp induced by 6 is exact. Hence by (4.1.5), Spec(#') is surjective,
so there exists a prime p’ of F, lying over the prime ¢'Q)q. Then p' N P is a
prime of P which contains p and lies over q'.

For the converse, suppose that @ is fine and saturated and that Spec(#) is
locally surjective. Let p be a prime of P, let q := 67'(p), and let 0: Qq — P
be the map induced by 6. Since @ is locally surjective, 8" is surjective. Since
Qq is fine and saturated, ¢ is exact by (4.1.5) O

Corollary 4.1.9 Let 6:(Q — P be a locally exact morphism of integral
monoids. Let p be be a prime ideal of P and let q := 6~'(p). Then ht g < htp.

Proof: Since 0 is locally exact, Spec(f) is locally surjective. It follows
that any chain of prime ideals in () ¢ = q9 C q; C ---qy lifts to a chain
p=1po Cp C--pgin P. O
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Definition 4.1.10 If : (Q — P is a morphism of integral monoids, Q¢ :=
{z € Q% : 0% (x) € P}, so that 0 factors

9/ e 06
Q— Q" — P,
where 6"9 is an isomorphism and 6° is exact.

For example, if : () — P is an inclusion of integral monoids, then Q¢ is
the inverse image of 0 in P/Q, as we saw in our discussion of cokernels in
(1.1), after (1.1.4).

Proposition 4.1.11 Let 6:() — P be a morphism of integral monoids.
Then the following conditions are equivalent:

1. The map of topological spaces Spec(6): Spec(P) — Spec(Q) is injective.
2. Every face F of P is generated by 0(0~'(F)).

3. The topology of Spec(P) is equal to the topology induced from the
topology of Spec(Q) by the map Spec().

4. Ifp and p’ are primes of P and 6~(p) C 6=1(p’'), then in fact p C p'.

Proof: We may and shall assume without loss of generality that ) and P
are sharp. It is obvious that (4) implies (1). Conversely, if (1) holds, and if
p and p’ are primes of P with 67 1(p) C 0~1(p’), then

07 () =07 () U O (®) =071 (p Up).

Since p’ and p U p’ are two elements of Spec(P) with the same image in
Spec(Q), it follows that p’ = p Up’ and so p C p’. Thus (1) is equivalent to
(4). Let F be a face of P, let G := 7' (F), and F’ be the face of P generated
by 6(G). Then F' C F and 0~ '(F') = G = 7' (F). If Spec(6) is injective,
it follows that F’ = F, and so (1) implies (2). To prove that (2) implies
(3), suppose that f is an element of P, and let I be the face of P generated
by f. Then by (2), 8(0~'(F)) is a submonoid of P which generates F as
a face, so there exists g € 67 '(F) such that 6(g) > f. Thus f belongs to
the face generated by 6(g) and since also 0(g) € F, 6(g) generates F'. Thus
D(f) = D(6(g)) = (Specf(g))"*D(g). Thus every basic open set of Spec(P)
is pulled back from Spec(Q), and (3) follows. To prove that (3) implies (4),
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suppose that p and p’ are primes of P with 7' (p) C 671(p’). Then 671(p’) is
a point of Spec(Q) belonging to the closure of 67*(p), and (3) implies that p’
belongs to the closure of p, i.e., that p C p’. This concludes the proof of the
equivalence of (1)—(4). O

Corollary 4.1.12 Let 0: () — P be a morphism of integral monoids.
1. If Spec @ is injective and 6 is exact, then 0 is locally exact.

2. If Q) is fine and saturated and Spec@ is bijective, then 0 is exact and
locally exact.

Proof: Suppose 6 is exact and Spec6 is injective. If G is a face of @,
then its localization G™'Q — G~ 'P is exact, by (6) of (4.1.3). If F' is any
face of P and G = 67!(F), condition (2) of (4.1.11) implies that the map
G~'P — F~!'Pis an isomorphism, and consequently G~'Q — F~!'P is exact.
Thus 6 is locally exact. If () is fine and saturated and Spec @ is bijective then
0 is also exact by (4.1.5). O

4.2 Small and almost surjective morphisms

Definition 4.2.1 A morphism of integral monoids 0: () — P is almost sur-
jective if it satisfies the following equivalent conditions:

1. For every p € P, there exists n € N1, u € P*, and q € Q such that
0(q) = u+ np.

2. The corresponding map of sharp cones Cq(f): Cq(Q) — Cq(P) is sur-
jective.

I[f6:QQ — P and ¢: P — R are morphisms of integral monoids, then ¢ o6
is almost surjective if ¢ and 6 are almost surjective. Conversely, if ¢ o 0 is
almost surjective, then ¢ is almost surjective, and if addition ¢ is injective
then @ is also almost surjective.

Proposition 4.2.2 Let 0: () — P be a morphism of integral monoids. If 0
is small, Spec 6 is injective, and the converse holds if P is finitely generated.
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Proof: 1f 6 is almost surjective and p and p’ are primes of P and 0~ '(p) C
6~1(p'), then for any p € p, there exist n € N* and ¢ in Q with np = 6(q).
Then ¢ € 67(p) C 07'(p’'), and hence np = 0(q) € p'. Since p’ is prime,
it follows that p € p’, so (4) holds. Finally, observe that (2) implies that
if p € C(P) is any Q-indecomposable element of C(P), and F := Q="p is
the face it generates, then 6~!(F) contains a nonzero element ¢. But then
6(q) = rp for some positive rational number r, and p = 6(r~'q). Since a
finitely generated cone is generated by its Q-indecomposable elements, we
see that 6 is almost surjective if P is finitely generated. ]

Corollary 4.2.3 Let 0: () — P be a morphism of fine saturated monoids.
Then Spec(6): Spec(P) — Spec(Q) is a homeomorphism if and only if 0 is
exact and almost surjective.

Proposition 4.2.4 Let 6: () — P be a morphism of fine monoids. Then the
following are equivalent.

1. Spec(): Spec(P) — Spec(Q) is injective.

2. The action of Q on P induced by 0 makes P into a finitely generated
Q-set.

3. 0:QQ — P is almost surjective.

Proof: The equivalence of (1) and (2) has already been proved in (4.1.11)
above. To prove the equivalence of (2) and (3), we may replace ) and P
by @ and P, respectively, so that we may assume that @ and P are sharp.
Assume that (2) holds, let S be a finite set of generators for P as a ()-set, and
let p be an element of P. Since S generates P as a ()-set, there exist ¢; € Q)
and p; € S such that p = ¢; + p;. Similarly, there exist ¢ € () and p, € S
such that 2p; = ¢ + po. Continuing in this way, we construct a sequence
(p1,p2,...) in S and a sequence (g1, go, - . .) in @ such that 2p; = ¢; + p;4; for
all 7. Note that 4p; = 2¢1 + 2ps = 2¢1 + @2 + p3, and in fact for each ¢ and
k, there exist ¢;x € @Q such that 2*p; = gy + pirx. Since S is finite, there
exists i € N and k € ZT such that p; = p;r. Then 2Fp; = gix, + pi and so
(2¥—1)p; € Q. On the other hand, 2~ 'p = 277 1p; +21" gy = pi+qi11+27 1
and thus 2071(2F — 1)p € Q. Conversely, if Q — P is almost surjective and
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S is a finite set of generators for P as a monoid, then there exists n € Z™
such that ns € Q) for every s € S, and the finite set of all is with 0 < i < n
generates P as a ()-set. m

Definition 4.2.5 A morphism of integral monoids 0: () — P is small if
Cok(697) is a torsion group.
Lemma 4.2.6 Let 0:() — P be a morphism of integral monoids.

1. If  is almost surjective, 0 is small.

2. If 0 is small, 0 is small.

3. If 0 is exact and small, then 0 is almost surjective.

4. If 0 is small, then the induced map 6°: Q¢ — P is almost surjective.

Proof: Only (3) and (4) require proof. For (3), observe that if 8 is small
and p € P, there exists n > 0 and q1, ¢; € Q such that np = 0(q,) — 0(q2). If
f is exact, it follows that ¢ — ¢ € . Thus 6 is almost surjective. Now if
is small so is #°, and since 6" is exact, (4) follows from (3). O

Proposition 4.2.7 Suppose that 0: () — P is a morphism of integral monoids
such that either

1. Spec(#) is injective, or

2. 0 is small.
Then the corresponding map 0°: Q¢ — P is locally exact (as well as exact).
Proof: In the first case Spec(f) = Spec(6’) o Spec(0°), and since Spec(6) is
injective, so is Spec(6¢). Then 60° is locally exact by (4.1.12). In the second

case, we apply (4.2.6) to see that §° is almost surjective, hence by (??) that
Spec 6° is injective, and again it follows that 6¢ is locally exact. O



4. MORPHISMS OF MONOIDS 81

4.3 Integral actions and morphisms

In this section we study conditions which guarantee that the amalgamated
sum of integral monoids again be integral. The conditions which emerge turn
out to be related to flatness, and just as flatness is best understood in the
context of R-modules, we have found that integrality is best studied in the
context of ()-sets.

Let (Q be a monoid and let S be a ()-set. We shall say that an element
q of @ is S-regular if the endomorphism of S induced by the action of ¢ is
injective. We say that S is Q-integral if every ¢ in @) is S-regular. Of course,
this is automatic if () is a group.

Proposition 4.3.1 Let Q be a monoid.

1. The inclusion functor from the category of ()-integral ()-sets to the
category of all Q-sets has a left adjoint S — S™ = S/E, where E is
the congruence relation on S consisting of the set E of pairs (s1, $2)
of elements of S such that there exists some q € () with qs; = ¢ss.
Furthermore, S™ can be identified with the image of the localization
map S — QLS.

2. If S and T are Q-sets, (S ®q T)™ can be identified with the image of
the natural map
S X T — Q_IS ®Qgp Q_IT.

3. Two elements (s1,t1) and (sa,t2) of S x T, have the same image in
(S ®q T)™ if and only there exist qi, g2 € (Q such that q;51 = qa52 and
¢l = qita.

Proof: We must first verify that the set E described in (1) really is a
congruence relation on S. It is clear that F is symmetric and reflexive. If
qs1 = ¢se and ¢'sy = ¢'ss3, then it follows from the commutativity of () that

qq's1 = q'qs1 = q'qs2 = qq's2 = qq's3,
so (s1,s3) € E and E is transitive. Furthermore for any p € @,

aps1 = pqs1 = pqsz = qps2
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so (ps1,pss) € E, and so by the analog of (1.1.2) for Q-sets, E is a congru-
ence relation. Evidently any morphism from ) to a @Q-integral S-set factors
uniquely through S/E. If s; and sy are elements of S and if there exists
a ¢ € @ such that ¢'s; = ¢’s; (mod E), then there exists ¢ € @ such
that ¢¢'sy = qq’s2, and hence s; = s,  (mod E). Thus S/FE is integral, and
S/E = S™. The identification of S/F with the image of S in Q'S then
follows from the explicit construction (1.2) of Q7'S.
The action of @ on Q'S ®ge QT is integral, so the natural map

(o' S ®Q T — Qils ®Qgp QilT
factors through (S ®¢g T)™*. In fact there is a commutative diagram:

S®qT (S ®q T)im

o g

Q—lS ®Q9P Q_lT i Q—l(s ®Q T)int‘

On the other hand, if ¢ € T, then the map S — Q'(S ®q T)™ sending s to
the class of s ® t factors through =15, and the induced map

Q—lS % T — Q—l(s ®Q T)int

factors through Q'S ®ger QT and is inverse to 7. Thus 7 is an isomor-
phism, and since (3 is injective, v o 3 is injective. Since S X T — (S ®@¢q T)™
is surjective, (2) follows.

For the third statement, recall from (1.1) that Q'S ®ge Q'T is iso-
morphic to the orbit space of S x T by the antidiagonal action of Q9. Thus
(s1,t1) and (s2,t2) have the same image in Q'S ®qer QT if and only if
there exist ¢; and ¢ in Q such that (q;¢5')s1 = soin Q'S and (gaqy ')t = to
in Q'T, i.e. if and only if there exist ¢; and ¢o such that ¢;s; = ¢252 and
Got1 = qita. []

Corollary 4.3.2 If u;: (Q — P, and uy: (Q — P, are morphisms of integral
monoids, then the Q-set underlying the monoid (P, &g Py)™ is (P, ®¢ Py)™.
In particular, (P, ©¢ P,)™ is an integral monoid if and only if (P; ®¢g Pa)™
is a Q-integral ()-set.
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Proof: As we have already observed in (1.1), the @-set P, ®¢ P> has a
monoid structure, and in fact P, ®g P, = P ®¢g P». Dividing by the congru-
ence relation E of (4.3.1), we find a monoid structure on (P; ®¢ P»)™, which
by (4.3.1.2) is the image of Py X Py in Q7'P, Qg Q™' Py C P @®gaw P§T.
By (1.2.2), the pushout of P, and P, in the category of integral monoids can
be identified with the image of P; X Py in P{¥ @ge P5’, so

(Pl EBQ P2>int o~ (Pl ®Q Pg)int.

Definition 4.3.3 Let ) be an integral monoid. A Q-set S is said to be
universally integral if for every homomorphism of integral monoids QQ — (',
the Q'-set Q' ®¢q S is again integral. A homomorphism 6: () — P of integral
monoids is said to be universally integral (or just integral) if the corresponding
action of () on P makes P a universally integral Q-set.

The following corollary, which explains the equivalence of the above def-
inition with the original one due to Kato, is an immediate consequence of
(4.3.2).

Corollary 4.3.4 If 0: () — P is a homomorphism of integral monoids, then
the following are equivalent:

1. 0 is (universally) integral.

2. For every homomorphism Q — (@)’ of integral monoids, the pushout
Q' ®¢ P is an integral monoid.

Proof: 1f the action of () on P induced by @ is universally integral, then
the action of @ on Q) ®¢g P is Q-integral, and hence by (4.3.2), Q' ®¢ P is
integral as a monoid. The converse follows immediately from the implication
(3) implies (1) of (4.3.11). O

We shall see later that an integral and local homomorphism of integral
nonoids is exact (4.3.14). On the other hand, an exact morphism of fine
monoids need not be integral. For example, in the monoid P with generators
{z,y,z,w} and relations = + y = z + w, the submonoid F' generated by z
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and z is a face. Hence by (2.1.9) the inclusion F' — P is exact, but it is not
integral, since y and w are irreducible.

Our next goal is to make the conditions in (4.3.5) more explicit and to
relate them to flatness.

Definition 4.3.5 We say that a (Q-set S satisfies:

1. condition I1 if whenever q; and ¢y are elements in () and s; and sy are
elements of S with q181 = @252, then there exist s € S and ¢}, ¢, € Q
such that s; = ¢is and q1q; = ¢245.

2. condition I2 if whenever q1s = @28, there exist s’ € S and ¢’ € () with

s=q's" and ¢'q1 = ¢'qo.

When @ is an integral monoid, the condition 12 is equivalent to saying
that whenever ¢; and ¢, are elements of () and s is an element of S, ¢15 = @25
implies ¢; = q2. (We are reluctant to call such an action “free” because it
does not imply that S is free as a @-set, in general.) If @) is integral and S
satisfies 11, then it is Q-integral: if gs; = ¢ss, then there exist s € S and
¢, € @ such that s; = ¢}s and qq¢}, = qq}, hence ¢} = ¢} and s = ss.

Remark 4.3.6 Let 7S be the transporter of S (1.1.6). Then S satisfies
condition I1 if and only if every pair morphisms with the same target fits
into a commutative square:

So § ———— S9

q2 C]i q2

a1 / q1 /

§g———— S S1

The action satisfies 12 if and only if given any two morphisms ¢, ¢ga: s — §”,
there exists a ¢': s’ — s with ¢; 0 ¢ = ¢2 0 ¢’. Note that conditions I1 and
12 are the opposites (duals) of the axioms PS1 and PS2 defining a filtering
category [1, 1,2.7].

The following proposition can be thought of as an analog for monoids of
Lazard’s theorem in commutative algebra. Notice first that if S is a ()-set
and R is any nonzero ring, that an element ¢ of @) is S-regular if and only if
e(q) € R[Q] is R[S]-regular.
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Proposition 4.3.7 Let () be a monoid and let S be a )-set. Then the
following conditions are equivalent.

1. S satisfies I1 and I2.
2. S is a direct limit of free (Q-sets.
If Q is integral, (1) and (2) are also equivalent to:
3. Z[9] is flat over Z]Q).
4. For every field k, k[S] is flat over k[Q)].

Proof: 'We begin with a generality.
Lemma 4.3.8 Let () be a monoid and let S be a (Q-set. For each s in S, let
is:F(s):=Q — S

denote the unique morphism of ()-sets sending 1 to s, and for each p € P,
consider the commutative diagram

where F(p) is multiplication by p. Then the corresponding map of @Q)-sets
f: hi>nF — S

is an isomorphism.

Proof: Note that F'is a functor from the category 7 S to the category of
free (Q-sets. It is clear that f is surjective. To see that it is an isomorphism, let
ns: F(s) — lim I be the natural map to the direct limit, and let g: S — lm F
be the map sending s to n(1). Thenif p € Q, g(ps) = n,s(1) = ns(F(p)(1)) =
ns(p) = pns(1) = pg(s), so g is a morphism of Q-sets. Since g o iy = 7, for all
s, go f =1id, and it follows that f is injective, hence an isomorphism. ]
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Let £ C S x S be the set of pairs (s,s’) such that there exists a sequence
(S0, ---8,) in S and a sequence (qi,...¢g,) in @ such that s,_; = ¢; + s; and
Six1 = ¢i+1+s; for all i. Then E is a congruence relation on S, and the action
of () on the quotient is trivial, so that the equivalence classes are ()-subsets.
Let us call these subsets the “connected components of S.” If S satisfies
I1 (resp 12), then so does each of its connected components. Since S is the
disjoint union of its connected components, S will be a direct limit of free
(Q-sets if each of its connected components is, and so it will suffice to prove
that (1) implies (2) if S is connected. Now if S satisfies I1 and 12 and is
connected, 7 S is filtering, so the inductive limit hi>nF in Lemma 4.3.8is a

direct limit, and hence and S is a direct limit of free ()-sets.

Conversely, any free ()-set satisfies I1 and 12, and the direct limit of any
family of )-sets satisfying I1 (resp. 12) again satisfies I1 (resp. 12). If S'is a
free @-set, k[S] is a free k[Q]-module, and since a direct limit of free modules
is flat, (2) implies (3).

Since it is trivial that (3) implies (4), it remains only to prove that if @
is an integral monoid and S is a @-set such that k[S] is k[Q]-flat for every
field k£, then S satisfies I1 and 12. Let us begin by showing that, when G
is a group, condition (3) implies that S satisfies 12, i.e. that G acts freely
on S. Suppose that g € G, s € S, and gs = s. Then (ef — 1)e® = 0 in the
k[G]-module k[S], and since k[S] is flat over k|G|, we can write e* = Y, a;0;
where «; € k[G] is killed by €9 — 1 and o; € k[S]. But if a := 3 cpel € k[G],
« is annihilated by e — 1 if and only if 3 c,e9" = 3" cpe?, i.e. if and only if
cg-1, = ¢y for all h. This means that « is a linear combination of g-orbits for
the regular representation of G on itself; since only finite sums are allowed,
either « is zero or g has finite order. Thus if g has infinite order all «; are
zero, so e° = 0, a contradiction. If g has order n, then each o; is a multiple of
o= Y1} e, and hence we can write e* = ao for some o := Y ¢ie’ € k[9)].
Then e = 3;, et = Y ¢je! where ¢, := ¥, ¢,i;. Comparing the coefficients
of *, we find that 1 = ¢, := )7, ¢,i; since gs = 1, we find that 1 = nc,. Thus
n is invertible in k, and since this is true for every field k, n = 1 and g is the
identity, as required.

Now suppose that () is any integral monoid and that k[S] is flat for every
field k. Let S — S’ be the localization of S by @), so that the action of ()
on S extends to an action of Q%. Then k[S'] = k[Q%] kg k[S], and by
flatness of k[S], k[S] injects in k[S'], and k[S’] is flat over k[Q9"]. Then as
we saw in the previous paragraph, the action of Q9 on S’ is free. It follows
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that the action of () on S satisfies 12.

It remains to prove that the flatness of k[S] implies that S satisfies I1.
First let us check that S is Q-integral. If ¢ € @) and s; in S with ¢s; = ¢so,
then e9(e® —e°2) = 0 in k[S], and since k[S], is flat, e® —e®2 = 3~ ay0; where
a; € k[Q)] is killed by e? and o; € k[S]. But if o = Y ¢,e? € k[Q)] is killed by
ed, then } c,e? = 0, and since @) is integral, each ¢, = 0, hence s; = s3 as
required.

Suppose now that s; and sy are elements of S and ¢; and ¢, are elements
of @ with ¢181 = ¢2s2. Let K be the k[@Q]-module defined by the exact
sequence

0 — K — K[Q] & K[Q] “— K[Q].
Tensoring by k[S] we get by flatness of k[S] an exact sequence

0 —— K @y k[S] — k[S] @ k[S] T=5 k[S].

Hence we have (e*',e%) € K ®jq k[S], and we can find elements (o, 3;)
of K and o; of k[S] with e** = ¥ a;0; and e = 3 (;0;. Examining the
homogeneous pieces of the first of these equations, we see that for some 1
there exists ¢ appearing in «; and ' appearing in o; such that s; = ¢}s’.
Since qi; = ¢23;, there exist ¢}, appearing in (; such that ¢1¢) = ¢2¢5. But
G252 = 151 = 1¢18’ = q2¢5s’, and since S is Q-integral, so = ¢)s’. ]

Proposition 4.3.9 Suppose that () is an integral monoid and S is a )-set.
Then k[S] is faithfully flat over k[Q)] if and only if S satisfies 11 and 12 and
in addition Q%S is properly contained in S.

Proof: We begin with the following lemma, which may be of independent
interest.

Lemma 4.3.10 Let ) be an integral monoid, let S be a Q)-set satisfying
I1, and let p be a prime ideal of () with complementary face F'. Then T :=
S\ pS is stable under the action of F', and the action of F' on T satisfies
I1. Let k[Q] — k[F] be the homomorphism induced by the isomorphism
k[Q]/pk[Q] = k[F] of (3.2.1). Then there is a natural isomorphism of k[F]-
modules

k[S] @riq) k[F] = K[T].
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Proof: Suppose that s,t € S, f € F, and p € p with ft = ps. Then by I1
there exist s € S and ¢; € Q such that t = ¢18', s = @25, and fq; = pqo.
Since p € p and f € F, we conclude that ¢; € p. Thus t € pS. This shows
that in fact 7' is stable under the action of F'. If t; € T and f; € F with
t1 f1 = tofo, then there exist t € S and ¢; € (Q with t; = ¢;t and f1q1 = faqo.
Sincet; € T, q; € F and t € T, so that the F-set T again satisfies I1. For the
last statement, observe that pS is a k-basis for the k[Q]-submodule k[p|k[S)]
of k[S], and hence that T is a basis for the quotient, with the induced action
of F. O]

If S satisfies I1 and 12, we know that k[S] is flat over k[Q], and for the
faithfulness it will suffice to prove that for every field extension &’ of k and
every k-homomorphism k[Q] — &', the tensor product k[S] ®yq) k' is not
zero. Such a homomorphism amounts to the choice of a face F' of () and a
morphism F9% — k'*; it then sends the complement p of F' to zero (3.2.3). If
we let T := S\ pS as in the above lemma, k[S]®y(q k' becomes identified with
k[T) @yr K. By assumption, 7" is not empty, and consequently 7" := F~'T
is not empty. Property 12 for S implies property 12 for F' acting on T" and for
F9 acting on 1", and hence the action of the group F'% on T” is free. Thus
k[T"] is a nonzero free k[F'9]-module, hence is faithfully flat. It follows that

k[T Qk[F] K = k[T k[ Far] K
is nonzero. Conversely, if k[S] is faithfully flat, then Ek[S] ®yq k[Q*] =
E[S\ QTS] is not zero. O
Proposition 4.3.11 Let () be an integral monoid acting on a set S. Then
the following conditions are equivalent:
1. S satisfies I1.

2. For every homomorphism of integral monoids () — ()’ the action of ()’
on Q' ®q S satisfies I1.

3. For every homomorphism of integral monoids () — @', the action of )’
on Q' ®q S is '-integral.

We begin with a lemma that takes place entirely in the realm of )-sets.
Lemma 4.3.12 Let () be an integral monoid, let T' be an integral ()-set,

and let S be a ()-set satisfying I1. Then S ®q T is Q)-integral. In particular,
if 1,89 € S and t1,t5 in T, then the following are equivalent.
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1. 5@t =52, @t in S®qT.
2 (81 R tg)int — <82 ® tz)mt in (S ®Q T)int‘
3. There exist qi,qs € (Q such that ¢181 = @289 and ¢ot1 = ¢ts.

4. There exist s € S and ¢, ¢, € Q) such that s; = qis and qit; = ghts.

Proof: 1t is obvious that (1) implies (2). The equivalence of (2) and (3)
has already been proved in (4.3.1). Since S satisfies 11, (3) implies that
there exist s € S and ¢, € @ such that s; = ¢is and ¢jq1 = ¢5q2. Then
Ghaats = qiqita = ¢igot1, and since T is Q-integral, gyts = ¢it;. Thus (3)
implies (4). Finally, if (4) holds, we have in S ®¢ T

510t = (q15) @t = s @ (¢111) = s @ (¢ht2) = (¢55) Dty = 52 D L.

This completes the proof that (1) through (4) are equivalent. Now the equiv-
alence of (1) and (2) implies that the natural map S ®g T — (S ®g T)™ is
an isomorphism and hence that S ®¢q T is )-integral. O]

Proof of (4.3.11) Suppose that (¢;,s;) € Q' xS and p; € Q' with py(t;®s1) =
pa(ta ® s9) in Q' ®q S. Let t] := p;t;, so that () ® s1) = (£, ®s2) in Q' ®q S.
Then because (1) implies (4) in (4.3.12), there exist s € S and ¢} € @ such
that s; = ¢/s in S and ¢t} = ¢it] in Q'. Set p} = ¢it; € Q'. Then fori = 1,2,
ti®s; =pi(l®s), and

PPy = pidit = @it = daty = paph,

so Q' ®q S satisfies I1.

As we have already noted, condition I1 implies )’-integrality, and con-
sequently (2) implies (3). To prove that (3) implies (1), suppose that (3)
holds and that x and y are elements of S and a and b are elements of () such
that ax = by. To show that (1) holds we construct a morphism of monoids
Q — @', a@-set §', and a Q-morphism Q’®gS — 5 as follows. Let E be the
subset of (Q ®N?) x (Q ®N?) consisting of those pairs ((c,m,n), (¢,m/,n’))
such that m 4+n = m/ + n’ and ca™b” = o™ b". In fact E is a congruence
relation and an exact submonoid of (Q & N?) x (Q & N?), so by (2.1.13) the
quotient @’ := (Q ® N?)/E is an integral monoid. Let [c,m,n| denote the
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class in @’ of an element (c,m,n) of Q & N2. Let Q act on S x N? via its
action on S, and let R be the subset of (S x N?) x (S x N?) consisting of those
pairs ((s,m,n), (s',m’,n’)) such that m +n = m’ 4+ n’ and such that there
exist ¢, in @ and t in S such that s = ¢t, ' = ¢t and ca™b" = /a™ b™.
This subset is symmetric, contains the diagonal, and is invariant under the
action of Q). It follows from the anlog of (1.1.2 for @-sets that the congru-
ence relation E’ it generates is just the set of pairs (e, f) such that there
exists a sequence (rq,---7y) with (r;_1,7;) € Rfori >0 and ro =€, r, = f.
Write [s,m,n] for the class in S’ := (S x N?)/E’ of (s,m,n). Then the map
Q®N? xS — S sending (¢, m, n, s) to [cs, m, n| factors through Q' x S, and
furthermore the corresponding map @’ x S — S’ is a @Q-bimorphism. Thus
there is a map g: Q' ®¢g S — S’ sending each [c, m,n] ® s to [cs,m,n].

It follows from the definition of E and the fact that ba = ab that p :=
[b,1,0] = [a,0,1] in @'. Since az = by in S, we find that in Q' ®¢ S,

p([1,1,0] @ x) =

Since the action of Q' on Q' ®¢ S is Q'-integral, it follows that
1,1,0]®@z=[1,0,1]®y inQ ®qS,

and hence that [z,1,0] = [y,0,1] in S". Then there exists a sequence r :=
(ro,...7x) as above, with r; = (s;, m;,n;) and ro = (2,1,0) and r = (y,0,1).
Then for all ¢, m; + n; = 1, so that (m;,n;) = (1,0) or (0,1). Suppose that
for some i, (m;_1,n;_1) = (my,n;). Then there exist ¢, t with s;_ 1 = «t,
s; = dt and ca = cda or ¢b = b. But then ¢ = ¢ and hence s;,_; = s;,
r;—1 = i, and in fact r; can be omitted from the sequence r. Consequently
we may assume that for all 7, m;_1 # m;. Since mg = 1, it follows that
m; = 1 if 7 is even and n; = 1 if 7 is odd. If £ > 2 and 7 > 0 is odd, we find
that r;_1 = (ct,1,0), r; = ('t,0,1) = (dt’,0,1) and r;; = (d't',1,0), with
ca = b and db = d'a. But then act = /bt = bdt' = ad't’, and hence ct = d't’
and r;_1 = r;11. In this case r; and r;;; can be omitted from r. Thus we
may assume without loss of generality that & = 1. Then there exist ¢, c,t
such that x = ct, y = t, and ac = bc/, as claimed. H
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Remark 4.3.13 If §: () — P is homomorphism of integral monoids, then
the corresponding action of @) on P satisfies 12 if and only if 8 is injective.
Thus, we see that € is injective and integral if and only if Z[P] is flat over

Z[Q].

Proposition 4.3.14 Let 0: () — P be a morphism of fine monoids. Then
the following are equivalent.

1. @ is integral and local.

2. 0 is exact, and for every p € P, there exists a p’ € P such that

S =(Q¥+pNP=0Q)+yp.

In particular, an integral morphism of integral monoids is exact if and only
if it is local.

Proof: Suppose that 0 is local and integral and ¢; — g2 € Q9 is such that
0(q1)—6(qz) is an element p of P. Then in P we have 6(q;)+0 = 6(q2)+p, and
since 0 is integral there exist p’ € P, ¢} € Q with 0 = 0(q})+p', p = 0(¢5) +7/,
and ¢] + q1 = ¢4 + q2. But then p’ is a unit of P, and since 6 is local ¢ is a
unit of . Then ¢ — ¢2 = g5 — ¢} € @, so 0 is exact. Then the rest of the
implication of (2) by (1) follows from the following lemma.

Lemma 4.3.15 Let 0:(Q — P be an exact and injective homomorphims of
fine sharp monoids. For each p € P, let S, := (Q% +p) N P. Then the set of
all such S, forms a partion of P, and each S, is a finitely generated ()-subset
of P. If 0 is integral, each S, is free and monogenic as a )-set.

Proof: It is clear that S, is stable under the action of () on P and that
the set of all such sets S, forms a partition of P. Let J, :== P —p C P%
be the principal fractional ideal of P9 generated by —p and let K, be its
inverse image in Q9. Then 6% followed by translation by p induces an
isomorphism of @-sets K, — S,. Since 6§ is exact, it follows from (2.1.12)
that K, is finitely generated as a ()-set, and hence so is S,. Now suppose
that 6 is integral and that s; and s, are two elements of the set Szlo of minimal
generators for S,. Since Q9 acts transitively on S,, there exist ¢; and g in



92 CHAPTER I. THE GEOMETRY OF MONOIDS

@ such that ¢; + s1 = ¢2 + s2. Since 6 is integral, there exist p’ € P and
4y, ¢y € Q such that s; = ¢, + p’. But then p’ € S and p’ < s;, so by the
minimality of s; we must have p’ = s;. Thus S’ has just one element, and S
is the free ()-set generated by this element O]

Now suppose that (2) holds. We already know that any exact morphism of
integral monoids is local (4.1.3). Suppose that p;,p € P and ¢q1,¢2 € Q
with 6(¢q1) + p1 = 0(g2) + p2. Then S, = S,,, so there exist p’ € P and
¢, 95 € Q such that p; = 0(q;) +p'. Then 0(¢; + ¢1) +p' = 0(q; + ¢2),
and hence 67(q} + ¢1 — ¢ — q2) = 0. Since 6 is exact, this implies that
u:= ¢ +q—q,—q € Q. Replacing g by ¢5+u, we find that ¢; +¢; = ¢2+¢5.
This shows that 6 is integral. O]

Corollary 4.3.16 Let 0: () — P be a local homomorphism of fine sharp
monoids. Then the following are equivalent.

1. 0 is integral.
2. 0 makes P into a free ()-set.
3. The homomorphism Z[0]: Z[P] — Z[Q)] makes Z|P] a free Z|Q]-module.

4. The map Z[0]: Z|P] — Z|Q) is flat.

Proof: 1f (1) holds, then by (4.3.14) and (4.1.3), 0 is exact and injective.
Then it is clear from Lemma 4.3.15 that (1) implies (2). The implications of
(4) by (3) and (3) by (2) are trivial, and the implication of (1) by (4) was
explained in (4.3.7). O

One verifies immediately that the regular representation of an integral
monoid @) on @ is universally integral, and that if S is any universally integral
@-set and F is a face of S, then Sp is universally integral as a ()-set.

Proposition 4.3.17 Letu: () — P andv: P — R be a morphisms of integral
monoids.

1. If w and v are integral then v o u is integral. If v o u is integral and u
is surjective, then v is integral, and if v is exact then wu is integral.
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2. The natural maps 7: Q — @ and P — P are integral, and u is integral
if and only if w is integral.

3. If Q is valuative (1.2), for example if ) = N, then u is integral.

4. If u is local, sharp, and integral, then it is injective. In particular, if u
is local and integral, w is injective.

5. If either () or P is a group, then u is integral.

Proof:  The proof of the first part of (1) follows either from direct calculation
or (more quickly) from the fact that the composition of two cocartesian
squares is cocartesian and (4.3.4). Suppose that v o u is integral. It is
obvious that if w is surjective, then v is integral. Suppose that v is exact
and that pi;,ps € P and ¢1,¢2 € Q with p; + u(q1) = p2 + u(gz). Then
v(p1) + v(u(qr)) = v(p2) + v(u(ge)), and since w o v is integral there exist
r € R and ¢j,¢, € Q with ¢1 + ¢} = ¢2 + ¢4 and v(p;) = r + v(u(g;)). Then
v(p; —u(q))) = r € R, and since v is exact, we see that p; — u(q¢}) € P. In
fact,
pi=p1—u(g) = pr+ulq) — ulge) — ulgs) = p2 — ulgy).

It follows that p; = p + u(q}) in P, and since ¢; + ¢} = ¢2 + ¢, that u is
integral.

The first part of (2) is an immediate verification. For the second part,
observe that in the diagram

O

Q

the vertical arrows are integral and exactd and apply (1).

For (3), suppose that ¢;, g2 € @ and py,pe € P with u(q;)+p1 = u(g2)+po.
Since () is valuative, g1 —qs € Q) or g2 — ¢, € @, say without loss of generality
that go = ¢+ ¢1. Then u(q1) + p1 = u(q) + u(q1) + p2, and since P is integral
p1 = u(q) + p2. Set p = ps, q; = g and g3 = 0, so that p; = u(q;) + p and
¢ + ¢1 = ¢ + q2. This shows that u is integral.

P
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If u is local and integral, it is exact by (4.3.14), and if it is sharp it is
then injective by (4.1.3). If w is local and integral, then w is integral, local,
and sharp, hence injective. This completes the proof of (4), and statement
(5) follows from (2) and the trivial case in which either P or @ is 0. O

Corollary 4.3.18 If P is an integral monoid and () is a submonoid of P,
then the localization map P — Q' P and the quotient morphism P — P/Q
are integral.

Proof: In fact, Q@ — Q% and @) — 0 are integral by (4.3.17), and hence so
are the corresponding pushouts by ) — P. O

Proposition 4.3.19 Let 0#: () — P be a morphism of integral monoids, let
Q"¢ be the localization of Q by 0~1(P*), and let 0'°°: Q!¢ — P be the map
induced by 6. Then 6 is integral if and only if 6'°¢ is.

Proof: Corollary (4.3.18) says that the localization map Q — Q'"* is inte-
gral. Since the composition of integral morphisms is integral, it follows that
if Q¢ — P is integral, then so is Q@ — P. Conversely, suppose @ — P is
integral and let Q"¢ — Q' be any morphism of integral monoids. It follows
from the universal mapping properties of pushouts and localizations that the
natural map Q' ©g P — Q" @guc P is an isomorphism. Since Q — P is
integral, Q' ®¢ P is integral, and hence so is Q' ®gioc P. ]

Corollary 4.3.20 Let 0: () — P be a morphism of integral monoids. Then 6
is integral if and only if for every face F' of P, the localization Qy-1(F') — Pr
is integral.

Proof: Suppose 6 is integral and F' is a face of P. By the previous result,
P — Pp is integral, and hence so is ) — Pp. Then it follows from (4.3.19)
that Qg-1(m) — Pp is integral. Suppose conversely that each such localization
is integral. Then in particular Qp-1(p+y — P is integral, and hence by (4.3.19)
0 is integral. m
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Theorem 4.3.21 Let 6: () — P be a morphism of fine saturated monoids.
Then the following conditions are equivalent.

1. Spec@ is locally surjective.
2. 0 is locally exact.

3. Cq(0): Cq(Q) — Cq(P) is integral.

Proof: Suppose Cq() is integral, and let F' be any face of P. Then by
(4.3.20) the map Qp-1(py — Pr is again integral. It is local by construc-
tion, and so it follows from (4.3.14) that it is also exact. Thus Cq(f) is
locally exact, and hence locally surjective. Since the maps () — Cq(Q) and
P — Cq(P) induce homeomorphisms on the associated topological spaces,
compatible with the maps induced by 6, it follows that Spec(6) is locally
surjective. This proves that (3) implies (1). The implication of (2) by (1)
was proved in (4.1.8).

It remains to prove that (2) implies (3). We may assume that ¢ and P
are sharp, by (2) of (4.3.17). Then 6 is injective, by (4.1.3), and to simplify
the notation we shall identify () with its image in P. Suppose ¢; and ¢, are
elements of @ and p; and p, are elements of P such that 6(q;)+p1 = 0(g2)+p2.
We shall show that there exist p € C(P) and ¢; € C(Q) with p; = ¢, +p
and ¢1 + ¢} = g2 + ¢5. Let L be the subgroup of P9 generated by the
image of Q and p; and let P’ := L N P. Evidently p; € P’, and P’ is
an exact submonoid of P. Hence P’ is again finitely generated by (2.1.9).
Furthermore, since P’ — P is exact, the map Spec P — Spec P’ is surjective,
and since the map Spec P — Spec (@ is locally surjective, it follows that the
map Spec P’ — Spec @ is also locally surjective. Since it will suffice to find
the desired p in C'(P’), we may replace P by P’. Thus we may assume that
the group P9%/Q% is generated by p;. Note that if p; € C(Q)%, then in
fact C'(Q)% = C(P)% and since C(P) — C(Q) is exact, C(P) = C(Q) and
there is nothing to prove. Thus we may assume that C(P)%/C(Q)% has
dimension one.

Claim 4.3.22 For each indecomposable element a of C(P) which does not
lie in C'(Q), there exist unique r(a) € Q and ¢1(a),g2(a) € C(Q) such that
pi = gi(a) + r(a)a and qi(a) + ¢1 = ¢2(a) + ¢a.
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To prove this claim, let a be an indecomposable eleement of C'(P) which
does not belong to C(Q). Note that a & C(Q)%, because otherwise it would
belong to C(Q), since C(Q) is exact in C(P). Since a is indecomposable,
(a) is one-dimensional, and hence (a) N C(Q)% = {0} and it follows that the
natural map (a)” & C(Q)% = C(P)% is an isomorphism. Moreover, since
QN{a) = {0}, the map Q — P, is still local and hence exact, since Q — P is
locally exact. Then the map C(Q) — C(P/{a)) is an isomorphism, since it is
exact and injective and the induced map on groups is bijective. In particular,
there exist ¢i(a), g2(a) € C(Q) such that ¢;(a) and p; have the same image
in C(P/(a)). Since (a) is one-dimensional, this means that p; = ¢;(a) + r;a
for some r; € Q. Then

¢ +aqa)+rae=aq+p=q+Dp=q¢+e¢a)+ra,

so that (1 —ry)a € C(Q)%. Since a ¢ C(Q)%, it follows that r = ry and
¢1(a) + ¢1 = g2(a) 4+ g2. This completes the proof of the claim.

Every element of C(P) can be written as a sum of indecomposable el-
ements, by (2.3.2). In particular, write p; = ¥, a; + >_; b;, where a; and
b; are indecomposable and a; ¢ C(Q),b; € C(Q). For each i, write p; =
q1(a;) + r(a;)a; as above. Since p; € C(Q), r(a;) # 0, and we can also write
a; = r(a;) " (p1 — q1(a;)). Hence

P = Zai + Zbi = ZT(Gz‘)_lpl - ZT(az‘)_l%(ai) + sz

i %

Since p; & C(Q)%, it follows that 3, 7(a;)~" = 1 and hence that for some 4,
r(a;) > 0. Then p; = ¢;(a;) + r(a;)a;, so we can set p := ra and ¢, := q(a),
and the proof is complete. ]

Corollary 4.3.23 Let 6:(Q — P be a morphism of fine monoids, where @)
is free and P is saturated. Then 0 is integral if and only if C(0): Cq(Q) —
Cq(P) is integral. In particular, this is the case if and only if 8 is locally
exact.

Proof: % Suppowse that C(0) is integral and that ¢;, ¢, € Q and py, p, € P
with 6(q1) + p1 = 0(q2) + p2. Since C(0) is integral, so there exist a € C(P)

2This proof is due to Aaron Gray.
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and b; € C(Q) with by + ¢ = by + g2 and p; = 0(b;) + a. Choose a positive
integer n such that ¢} := nb; € @Q and p := na € P. Then ¢} +nq, = ¢, +ngs.
It follows that for every ¢: @ — N, ¢(q)) = ¢(q;) (mod n). Let (eq,...e,)
be a basis for ) and let (¢1,...¢,) be the dual basis for H(Q). For each i,
write ¢;(q}) = nm; + r; with m;,7; € N and r; < n, and let r := > r;e; and
q) = > mse; in Q. Then ¢} = ng{ + r Since ¢;(¢}) = ¢i(¢!) (mod n), we
can also write ¢, = ngh +r with ¢§ € Q. Then ng| +r+nq = ngy +r+nge,
and hence ¢ + ¢1 = ¢} + q2. Now let z; := p; — 0(q!) € P%. Note that

z1+0(q1) +0(q)) = p1 + 0(q1) = p2 + 0(q2) = z2 + 0(q1) + 0(q3),
and hence xq, = x5. Furthermore,
nxy =np; —nb(q)) =np1 —0(¢y —r)=p+06(r) € P

Since p is saturated, p := x; = x9 € P. Since p; = ¢/ +p and ¢1 + ¢} = q2+p},
6 is integral. ]

4.4 Saturated morphisms

This section has
not yet been writ-
ten, or even under-
stood.
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Chapter 11

Log structures and charts

1 Log structures and log schemes

Although the concepts of logarithmic geometry apply potentially to a wide
range of situations, we shall not attempt to develop a language to carry this
out in great generality here. We restrict ourselves to the case of algebraic
geometry using the language of schemes, leaving to the future the task of
building a foundation for logarithmic algebraic spaces, algebraic stacks, ana-
lytic varieties, etc. It is often very convenient to work with with logarithmic
structures in the étale topology, and we shall do allow ourselves to do so
here. In particular, if X is a scheme and z is a scheme-theoretic point, we
shall write T — X for a geometric point lying over x, i.e., a separably closed
field extension of the residue field k(x). The stalk of Ox at such a point T
is a Henselization of Oy, with residue field the separable closure of k(x) in
k(x). We refer the reader to Chapter I of [5] for an introduction to the étale
topology.

1.1 Logarithmic structures

Let (X, Ox) be a scheme, and let Mony denote the category of sheaves of
(commutative) monoids on Xg.

Definition 1.1.1 A prelogarithmic structure on X = (X,0Ox) is a ho-
momorphism of sheaves of monoids a: P — (Ox,-,1) on Xg4. A loga-
rithmic structure is a prelogarithmic structure such that the induced map
a 1(0%) — O% is an isomorphism.

99
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A morphism of prelogarithmic or logarithmic structures is a commutative
diagram

P Ox
id
Q b Ox.

To save space and time, one often writes “log” instead of “logarithmic.”

Note that the addition law in the sheaf of rings Ox is not used in the defi-
nition of (pre)log structures. Thus it will make sense to speak of a logarithmic
morphism of sheaves of monoids, as follows.

Definition 1.1.2 A homomorphism of sheaves of monoids 0: () — P is:
1. local if the induced map Q* — 0~'(P*) is an isomorphism,
2. sharp if the induced map Q* — P* is an isomorphism,
3. logarithmic if the induced map 6~'(P*) — P* is an isomorphism.

Note that each of the above conditions can be checked on the stalks.

Proposition 1.1.3 Let 6: () — P be a homomorphism of sheaves of monoids.
Then the following conditions are equivalent:

1. 0 is sharp and local.

2. 0 is logarithmic.

3. 0*:Q* — P* is surjective and 0~1(0) = 0.

4. 671(0) = 0 and P* C Q, i.e., the inclusion P* — P factors through 6.

A homomorphism 0: () — P satisfying these conditions is called a logarithmic
structure over P.
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Proof: 1t is enough to check the equivalence on the stalks, so we may assume
that X is a point. If 0 is local, 7}(P*) = Q*, and if 6 is also sharp, it
induces an isomorphism Q* — P*, so (2) holds. If (2) holds, then §~1(P*)
is a subgroup of ) containing Q*, hence equal to @*, and it follows that (3)
holds. If (3) holds then 6* is a surjective group homomorphism whose kernel
is zero, and hence it induces an isomorphism @* — P*, so (4) holds. Finally,
if (4) is true, let ¢ be an element of () with 6(¢) € P*. Then there exists a
p € P* with p'4+6(¢) = 0 and by assumption a ¢’ € Q with 6(¢') = p’. Then
O(q+¢') =0, hence ¢+ ¢ = 0, so ¢ € Q* and 0 is local. Since Ker(6*) is
zero, 0% is injective. The assumption also implies that 6* is surjective, hence
an isomorphism, i.e., 6 is also sharp. ]

The category of log structures on X has an initial element, called the
trivial log structure: the inclusion O% — Ox. It also has a final element: the
identity map Ox — Ox (which is rarely used).

A log scheme is a scheme X endowed with a log structure ax: Mx — Ox
on its small étale topos Xg. Sometimes it is convenient to work with the
Zariski, fppf, fpqc, or other topologies in place of the étale topology. A
morphism of log schemes is a morphism f: X — Y of the underlying schemes
together with a morphism f”: My — f.(My) such that the diagram

b
My — L gy

Qy f*(OdX)

fﬁ
OY - f*(OX)

If X is a log scheme, ay induces an isomorphism M% — O%, and it is
common practice to identify O% and M%. Doing so requires requires the use
of multiplicative notation for the monoid law on My. When using additive
notation for My, we shall write Ax for the mapping O% — My induced by
the inverse of ax. Then Ax(uv) = Ax(u) + A(v), and A\(u) can be thought
of as the logarithm of the invertible function w. For any section f of Oy,
ay'(f) is then the (possibly empty) set of logarithms of the function f.

Corollary 1.1.4 If (M,«) — (N, 3) is a morphism of log structures, then
the underlying homomorphism 0: M — N is sharp and local. If f: (X, Mx) —
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(Y, My) is a morphism of log schemes, then the induced homomorphism
f~'My — My is local.

Proof: A morphism (M, a) — (N, 3) is a commutative diagram

M—Y 0o,
0 id
NP Lo,

In this diagram o and 3 are sharp and local, and it follows that the same is
true of #. If f is a morphism of log schemes and z is a point (or geometric
point) of X and y = f(x), then the induced homomorphism (f~'My), —
Mx , can be identified with the map My, — Mx,, which fits into the
commutative diagram:

M Yy OYvy

MX,x OX,:E

Since f is a morphism of locally ringed spaces, the map Oy, — Ox, is local,
and since My — Oy is a log structure, the map My, — Ox . is also local.
It follows that the map My, — Mx . is local. O

Proposition 1.1.5 Let X be a scheme. The inclusion functor from the
category of log structures to the category of prelog structures on X admits a
left adjoint (Q,3) — (Q°, 3%), where QP is the amalgamated sum of Q) and
O3 along 871(O%) and 3% Q° — Oy is the morphism defined by 3 and the
inclusion of O% in Ox.

Proof: The construction makes no use of the addition law on Oy, so we
consider an arbitrary morphism 3: () — P of sheaves of monoids. Form the
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pushout
FUPY) e P’
1 (I1.1)
0 N Qg B o p

Let us verify that the map 3% Q° — P is a log structure over P. Since
P* C Q, (1.1.3) shows that it will suffice to check that 5*~'(0) = {0}. If
G € QP then locally there exist ¢ € Q, u € P* such that § = v(q)+i(u), and if
3%(G) = 0, then 3(q)+u = 0. In this case ¢ € 3~1(P*) and i3(q) = v(q) € Q°.
Then ¢ = if(q) + i(u) = i(B(q¢) + v) = 0. Furthermore, note that the
factorization 8 = 3% o 7y is universal: give any other factorization 5 = (' o v/
with ' a log structure, there is a unique morphism v: Q® — @’ such that the
diagram

oL p
,}/ v ﬂ,
Q,
commutes. O

One calls 3% the log structure associated to 3. If there is no danger of confu-
sion we write Q® instead of Q°.

Remark 1.1.6 Formation of the log structure P — Ox associated to a
prelog structure 3: P — Ox involves a pushout in the category of sheaves of
monoids: this is the sheaf associated to the presheaf which sends each open
set to the pushout in the category of monoids. We shall see later that, if )
is integral, then this sheafification yields the same result when carried out
in the Zariski or the étale topology. More precisely, let th denote the log
structure on X associated to # and for each étale f: X' — X, let ng, denote
the log structure on X, associated to Q@ — f~}(Ox) — Ox. Then in fact
Q5% = Q7 as sheaves on Z/,,. This follows from the fact that X’ — Q3% (X")

zar*

defines a sheaf on X, as we shall see in (1.2.11).
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Remark 1.1.7 Since one of the corners of the pushout square in (I.1) is a
group, the computation of Q° is relatively easy: Proposition (I,1.1.4) shows
that it is the quotient of P* @ @ in the category of sheaves of monoids by the
equivalence relation which identifies (u,q) with (v, ¢') if and only if locally
there exist sections v and v’ of 371(P*) such that u + 3(v') = v’ + B(v) and
v+ q =1+ ¢. This construction is especially simple if 6 is local.

It is sometimes helpful to construct the log structure #* associated to
a morphism 0:() — P in two steps: first localize, then sharpen. Thus, if
0: M — N is a homomorphism of sheaves of monoids, let M'¢ be the sheaf
associated to the presheaf which assigns to each U the localization of M (U)
by 6~1(N*(U)) (I,1.3). Then M — N factors as

loc
M -2 pplee 270 N

Y

and this factorization is the universal factorization of M through a local
homomorphism of sheaves of monoids. We call 6/ the localization of 6. It
can also be viewed as a pushout:

O (N*) ——— M

Q_I(N*)gp Mloc

Similarly, if #: Q) — P is a morphism of sheaves of monoids, consider the
pushout diagram
9*
Q* P*

(I1.2)

o Hsh

Q - Q" - P
Then 6" is sharp, and the factorization 8 = #*" o ¢ is the universal factoriza-
tion of @ through a sharp morphism. In this construction Q*" is just the orbit

space of the natural action of Q* on P* @ @, and the natural map Q — @Sh
is an isomorphism. In particular @ — Q*" is local, and Q*" — P is local
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if and only if ) — P is local. If we start with any map Q — P, then the
map (Q'¢)*" — P is sharp and local, hence by (1.1.3) a log structure, and
it follows from the universal mapping properties of these constructions that
there is a unique isomorphism (Q"¢)*" — @Q® making the diagram

(Qloc) sh
(Qloc) sh
Q * p
g
Qa

commute. We sometimes refer to 6 as the sharp localization of € instead of
the log structure associated to 6.

Definition 1.1.8 A log ring is a homomorphism (3 from a monoid P to the
multiplicative monoid of a ring A. If P — A is a log ring, Spec(P — A) is the
log scheme whose underlying scheme is X := Spec A with the log structure
associated to the prelog structure P — Ox induced by the map P — A. In
particular, Ap := Spec(ep: P — Z[P]) .

Let P be a monoid and let ap: Mp — Oa, the log structure of Ap. The
construction of Mp shows that there is a natural homomorphism

ep: P — F(Ap, Mp)
We omit the proof of the following proposition.

Proposition 1.1.9 Let T' be a log scheme and P a monoid. For each mor-
phism f:T"— Ap of log schemes, consider the composition

b
es: P — T(Ap, Mp) —+ I(T, My).
Then f +— ey defines a bijection

Mor (T, Ap) —— Hom(P,T(T, Mr)).
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Corollary 1.1.10 Let T be a scheme with trivial log structure and let P
be a monoid. Then every morphism of log schemes T' — Ap factors uniquely
through Ay — Ap, and in fact

Ap(T) = Apss(T) = AL(T).

If P is fine, Ap is the largest open subscheme of Ap on which the log structure
is trivial, and the corollary says that the set of T-valued points of Ap is the
same as the set of T-valued points of A%.

Proposition 1.1.11 Let 3:() — P be a morphism of sheaves of monoids
on X and 3% QP — P be its sharp localization. Then:

1. The map Q — QP factors through an isomorphism
Q/6~H(P) — Q°.

In particular, the map Q — QP is surjective, and if 3 is local it is an
isomorphism.

2. QF is integral (resp. saturated) if Q) is, and conversely if 3 is local and
@ is quasi-integral.

Proof: 1t suffices to check the stalks. The first statement follows from the
construction on Q° as the sharp localization of Q) by 3. If 3 is local, then
Q7 = Q*", so Q — QP is an isomorphism. If @ is integral then by (I1,1.2.2),
so is Q7. If Q is saturated, then so is its localization Q"¢ with respect to
. Since Q8 = Q¢ and an integral M monoid is saturated if and only if M
is, it follows that Q7 is saturated. Conversely, if 3 is local, then Q = Q5.
Then if Q is quasi-integral and Q° is integral, Q is integral by (I,1.2.1), and
is saturated if Q” is. n

A warning: If @ is quasi-integral, it does not follows that Q° is also
quasi-integral, since localization can destroy quasi-integrality, as we saw in

(11.3.5).

Corollary 1.1.12 Let 6#: () — M be a morphism of sheaves of quasi-integral
monoids whose sharp localization Q° — M is an isomorphism. Then the
following are equivalent:
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1. :Q — M is an isomorphism.
2. 0:(Q) — M is exact.
3. 0:QQ — M is local.

Proof: If § is an isomorphism, then 6 is exact by (I1,4.1.3). If @ is exact,
then it is local by (I,4.1.3). If @ is local, then by (1.1.11) the map Q — @ is
an isomorphism. By assumption the map Q% — M is an isomorphism, hence
so is Q? — M, and hence also QQ — M. O

1.2 Direct and inverse images

If f:X — Y is a morphism of schemes and ay: Mx — Ox is a log (resp.
pre-log) structure on X, then the natural map 3 in the diagram below

JeMx Xf.0y Oy Oy

f*aX
is a log (resp. prelog) structure on Y, called the direct image structure
induced by ax, which we denote by

fl9(ax): fl9(Mx) — Oy.

There is a morphism of prelog schemes (X, ax) — (Y, f%(ax)), and in fact
flo9(ax) is the final object in the category of log structures on Y for which
such a morphism exists.

If ay: My — Oy is a log structure on Y, then the composite

S OMy) ) oy — 0y

is a prelog structure on X; the associated log structure (1.1.5) will be denoted
by
f(ay): f*My — Ox
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and called the inverse image of ay or the log structure induced by oy . If X
and Y are log schemes, it follows from the definitions that there are natural
isomorphisms

Hom(ay, fi%x) = Hom(f 'ay, ax) = Hom(f*ay, ax).

In particular, if f: X — Y is a morphism of log schemes, the corresponding
homomorphism of sheaves of monoids f~'My — Mx factors canonically
through f*My — M.

Remark 1.2.1 If f: X — Y is a morphism of log schemes and ay: My —
Oy is alog structure on X, then the maps f~'My — f~'Oy and f~1(Oy) —
Ox are both local, and hence so is the composite f~'My — Ox. It follows
that the construction of the associated log structure f*My — Oy is accom-
plished just by sharpening, and in particular the map

?_IMY — f*My.

is an isomorphism.

Definition 1.2.2 A morphism of log schemes f: X — Y is strict if the
induced map : f*My — My is an isomorphism.

Evidently the composite of strict morphisms is strict. The following result
is an immediate consequence of (1.2.1) and (I, 4.1.2).

Corollary 1.2.3 Let f: X — Y be a morphism of log schemes. If f is strict,
the induced map f~*My — Mx is an isomorphism, and the converse holds
if Mx is quasi-integral.

O
In general, a morphism f: (X, ax) — (Y, ay) of log schemes has a canon-
ical factorization

(X, ax) — (X, fray) == (Y, ay).

This factorization is uniquely determined by the fact that ¢ is the identity
on underlying schemes and and f* is strict. There is a similarly factorization
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through the direct image log structure, and in fact f fits into a commutative
diagram:

(Xa OéX) 42’ (X, f*CYY>
fs

(Y, f%ax) < (Y, ay),

where ¢ and j are the identity on the underlying schemes. In some sense,
fl9ax is the log structure on Y which makes it as close as possible to X,
and f*ay is the log structure on X which makes it as close as possible to Y.

Definition 1.2.4 If X is a log scheme, X is the underlying scheme of X,
(often viewed as a log scheme with the trivial log structure), and X* denotes
the set of all points x of X such that M ; = Mxz for every (equivalently,
for some) geometric point T lying over x.

Proposition 1.2.5 Let f: X — Y be a morphism of log schemes. Then f
maps the subset X* of X to the subset Y* of Y. In particular, if the log
structure on Y is trivial, so is the log structure on X.

Proof: Let f: X — Y be a morphism of log schemes and let T be a geometric
point of X. Then f2: My, yz — Mxz is by (1.1.4) a local homomorphism of

monoids, so if M}f = 0, the same is true of My, sz. Thus the function f
takes X* into Y*. O

Proposition 1.2.6 Let U be a nonempty Zariski open subset of a scheme
X and let j:U — X be the inclusion. Let

OéU/X:leg*<O[*]) — OX

denote the direct image of the trivial log structure on U. Then for any log
scheme Y, the natural map

Mor(X,Y) — {g € Mor(X,Y) : g(U) CY"}

is bijective.
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Proof: n

Examples 1.2.7 Thus, j°*(O3) is the inverse image of 7,05 — j.Oy via
the natural map Oy — j.Oy. Note that ay,/x:j9(0;) — Ox is injective
and that its image is a sheaf of faces in the monoid Ox. If X is integral and
U is not empty, there is a canonical isomorphism j°9*(0y,)/O% = L'y (Div¥),
where 'y Div} is the sheaf of effective Cartier divisors on X with support
on Y := X \U. To see this, note that since X is integral, ay,x(m) lies in the
sheaf O of nonzero divisors for every m € j9(0};). Since ayx is injective
and j°9(O})* = O%, ay/x induces an injection

a3, (0;)/ Ok — O /0% = Divg,

and since each ay/x(m) restricts to a unit on U, @(m) has support in Y.
Conversely, if D is an effective Cartier divisor, then locally D can be expressed
at the class of an element f of O%, and D has support in Y if and only if f
fiy 1s a unit, s.e., if and only if f € j29(O}).

A log point is a log scheme whose underlying scheme is the spectrum of
a field. If P is a sharp monoid and ¢ := Speck, the map k* & P sending
(u,p) to u if p = 0 and to 0 otherwise defines a log point, denoted &p. In
particular, &N is sometimes called the standard log point.

Let S be the spectrum of a discrete valuation ring A and let X be an
S-scheme. One says that X has semustable reduction if, locally for the
étale topology on X and S, X is isomorphic to an S-scheme of the form
Spec Alty,...t,]/(t1,...t, — 7), where 7 is a uniformizer of A. Then if 7 is
the generic point of S, the open immersions X, — X and n — S define log
structures ax, ,x and a,g on X and S, and the morphism X/S underlies a
morphism of the corresponding log schemes. For example, the morphism of
schemes Anr — Ap corresponding to the morphism N — N” sending 1 to
(1,1,...1), when localized at the origin of the base, has semistable reduction.
We shall see that the corresponding morphism of log schemes Anr — Ay is
much better behaved than the underlying morphism of schemes.

Definition 1.2.8 Let f: X — Y be a morphism of log schemes. Then Mx/y
is the cokernel of f* My — Mx in the category of sheaves of monoids. The in-
verse image MY in Mx of MYy Is called the vertical part of the log structure

of X relative to Y, and WX/Y is called the horizontal part.
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Notice that Mx,x = Mx. More generally, since f*My contains My,
in fact Mx/y is canonically isomorphic to the cokernel of the natural map
[*My — Mx. Recall from (I,1.2.1) that if My and My are integral, so is
My furthermore M£/, is isomorphic to the cokernel of f*M{” — MY and
M,y can be identified with the image of My in this sheaf of groups. By
way of an example, observe that if f: X — Y is a morphism of log schemes
associated with semi-stable reduction (1.2.7), then My/y is entirely vertical,
because the quotient of the map N — N” sending 1 to (1,1,...1) is Z" 1,

The following result is helpful in comparing notions of log structures
on different topologies, for example, the Zariski and étale topologies. The
situation is the following. Let f: X’ — X be a morphism, let X" := X' x x X’,
let p;: X" — X', i = 1,2 be the two projections, and let

g=/fopi=fopy: X" = X.
If ax:Myxy — Ox is any log structure on X, let My, = f*Mx and let
Mxn = g*Mx. Then there are canonical isomorphisms Mx» = pfMx,

and hence each of the maps p; induces a morphism of sheaves of monoids
FoMyr — g My,

Proposition 1.2.9 Let f: X’ — X be a faithfully flat and quasi-compact
morphism of schemes, and let ax: Mx — Ox be a quasi-integral log structure
on the Zariski topology of X. Then the natural map

MX — Eq (f*MX’ - g*MX”)
is an isomorphism.

Proof: This proposition is a simple consequence of faithfully flat descent
and the following elementary lemma about sheaves of sets.

Lemma 1.2.10 Let S be a sheaf of sets on X. Then the natural map
S — Eq (f*fflS E— g*gfls)

is an isomorphism.
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Proof: The injectivity of F' — f,f~1S is clear from the surjectivity of f.
For the surjectivity, recall that since f is faithfully flat and quasi-compact,
the underlying map on topological spaces is open and surjective [, |. Let &’
be a section of f,f~!(S) such that pi(s') = pi(s’) in g.g~*(S). For any point
x of X there is at least one point ' of X’ such that f(2') = z, and for any
pair (), x%) of such points, there is a point 2” of X” such that p;(2”) = ..
The natural maps F, — f~'Sy — g~'S,», are isomorphisms, and because
pi(s") = pi(s’), the stalks of s at x) and z, correspond to the same element
of F,, which we denote by s(z). Thus z — s(x) € [], F, is a “discontinuous
section” of F' such that s(x) = s,» whenever f(z') = z. It remains only to
prove that s is in fact continuous. If x € X, there exist a neighborhood U of
z in X and a section ¢ of S over U whose stalk at x is s(x). Choose a point
2’ of f~1(U) mapping to x. Then the stalk of s’ at ' agrees with the stalk
of f*(t) at 2/, and hence there is a neighborhood U’ of 2’ in X’ such that
f @), = STU/. Then if 3/ € U’, the stalk of t at f(y') equals the stalk of s
at y', so tyuy = s(f(y')). In other words, t, = s(y) for all y in the image
of U'. Since f is open, this image contains a neighborhood of z, and so s is
continuous, as required. O

Now to prove the proposition, note that since My is quasi-integral, it is an
Or-torsor over My, and similarly My (resp. Mxn) is an O%,-torsor (resp.,
an Oxn-torsor) over M x: (resp., M xn). and Mxn». Consequently the rows of
the diagram

0 . O - My —— Ty 0

0 f*O}'/ - f*MX’ - f*MX’

0 g*(’)}/, —_— g*MX// —— g*MXH

are exact. The column on the left is exact by standard descent theory for
O%. The argument of the previous paragraph shows that the column on
the right is exact, because Mx: & f'Mx and Mx» = ¢ 'Mx. Now the
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exactness of the middle column follows by chasing the diagram (locally in
the Zariski topology on X). O

Corollary 1.2.11 Let (X, M,,,) be a quasi-integral log scheme for the Zariski
topology, and for each étale U — X, let ay: My — Oy denote the inverse
image log structure. Then U — My (U) is a sheaf in the étale topology of X
and defines a log structure My, for the étale topology of X.

Corollary 1.2.12 If X is a log scheme, then the functor on the category of
quasi-integral log schemes sending T' to the set of morphisms T' — X forms
a sheaf in the topology whose open sets are Zariski open (resp. étale resp.

fppf...).

2 Charts and coherence

2.1 Coherent, fine, and saturated log structures

Definition 2.1.1 Let a: M — Ox be a log structure on a scheme X and
let P be a monoid. A chart for a subordinate to P is a morphism of prelog
structures

Ox

such that 0%: P* — M (1.1.5) is an isomorphism. A log structure « is called
quasi-coherent (resp. coherent) if locally on X it admits a chart (resp. a
chart subordinate to a finitely generated monoid).

A chart for a subordinate to P is determined by the morphism 6: P — M
(but not by the morphism « o #, in general) and we shall sometimes identify
the chart with the morphism 6.

One says that a chart P — M is coherent (resp. integral, fine, saturated)
if P is of finite type, (resp. integral, fine, saturated).
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Remark 2.1.2 Let a: M — Ox be a log structure on X, let §: P — M be
morphism from a constant monoid P to M, and let 5 := a o 0. Because «
is a log structure, it is sharp and local, and it follows that the natural map
P — PP in the diagram below is an isomorphism.

P "y

ps P

Ox

If 3:Q — M is a chart for a log structure a: M — Oyx, then M = Q% and
because « is strict and local, Q° = Q°* = M. Thus neither the sheaf Ox nor
the map « is needed to compute P?, and it makes sense to define a chart for
a sheaf of monoids M on a topos X as a morphism from a constant monoid
to M inducing an isomorphism P® — M and to say that a sheaf of monoids
is quasi-coherent (resp. coherent) if locally on X it admits a chart (resp. a
chart subordinate to a finitely generated monoid). Then 6: P — M is a chart
for the log structure « if and only if it is a chart for the sheaf of monoids M.
Note that with this definition any sheaf of abelian groups defines a coherent
sheaf of monoids.

Remark 2.1.3 If X is a log scheme, then a morphism from a monoid P to
['(X, My) induces a commutative diagram

P (X, Mx)

ep [(ax)

Z[P] - F(X7 OX)7

and hence a morphism of log schemes X — Ap. It follows from the definitions
that P — M is a chart for ay if and only if X — Ap is strict, and in this case
we say that X — Ap is a chart for the log scheme X. As a matter of fact, the
map P — My defines a morphism of monoidal spaces g: (X, Mx) — (S, M),
where (S, Mg) := Spec P described in section (1.3), and P — My is a chart
for Mx in the sense of (2.1.2) if and only if g* Mg — My is an isomorphism.
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The notion of a chart for a log structure is due to Kato and is central
to the theory. Note that (in contrast to the notion of a chart in differential

geometry), a chart is not an isomorphism and only describes the log structure
of X.

Proposition 2.1.4 Let 3: P — M be a morphism from a constant monoid
P to a sheaf of monoids M on a scheme X, and let s: (X, M) — (S, Mg) :=
Spec P be the map of locally monoidal spaces corresponding to (. If § is
a chart for M, then s induces an isomorphism s~'(Mg) — M, i.e., for
every geometric point T of X, the map P — Mz induces an isomorphism
P/F; — My, where Fy := 32'(Mz). The converse holds if M is quasi-
integral.

Proof: 1f P* — M is the sharp localization of 3: P — M — Oy, then [ is
a chart if and only if 4% is an isomorphism; by . Thus if § is a chart 3" is
an isomorphism, and the converse holds if M is quasi-integral by (7,4.1.2).
According to (1.1.7), the stalk of P at a point z is exactly P/Fz. On the
other hand, the point of Spec P corresponding to s(z) is the prime ideal
p := P\ F5, and the stalk of Mg at p also identifies with P/Fy. Thus Ba is an
isomorphism if and only if the map P/F; — M x 3 is an isomorphism. O]

Corollary 2.1.5 Let 3:(Q — M be a chart for a log structure a: M — Ox on
a scheme X, and let x be a point of X. Then there is a natural isomorphism
Q/F, = M,, where F, := 371 (M}) = (a0 8)7HO%).

Proposition 2.1.6 If X is a coherent log scheme, X* is an open subset of
X, and the inclusion jx: X* — X is an affine morphism. A morphism of
coherent log schemes f: X — Y fits into a commutative diagram

X* Jx X
I /
y* Jy y

which is Cartesian if f is strict.
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Proof: To prove that X* — X is open and affine when X is coherent is
a local problem on X, so we may assume that X admits a chart, i.e., a
strict map f: X — Y, where Y := Ap for some finitely generated monoid
P. Then Y* := Ape, and since P is finitely generated, Y* is a special affine
open subset of Y, and consequently X* is an affine open subset of X. We
have already seen in (1.2.5) that f maps X* into Y* set-theoretically. If f
is strict, f* induces an isomorphism My, @ — M xz, so that the diagram
in the proposition is set-theoretically Cartesian. Since Y* — Y is an open
immersion, the diagram of underlying schemes is Cartesian. If g:T" — Y* an
h: TtoX with foh = g, in the category of log schemes, then the log structure
on 7" must be trivial, so h factors uniquely through X* and the diagram is
also Cartesian in the category of log schemes. O]

Definition 2.1.7 Let f: X — Y be a morphism of log schemes and let
0:QQ — P be a morphism of monoids. A chart for f subordinate to 0 is a
commutative diagram

Q — L T(Y, My)
0 fb
P B F(X, ]\/[X),

where v and [3 are charts for oy and .y, respectively.

Definition 2.1.8 Let X be a scheme. One says that a log structure (M, «)
on X isintegral, (resp. saturated) if Mx is integral (resp. saturated), and that
(M, ) is fine (resp. saturated) if it is coherent and integral (resp. saturated).

Proposition 2.1.9 Let U be an open subset of a locally noetherian and
locally factorial scheme X . Then the direct image log structure (1.2.7) Mx :=
l9(Or) — Ox is coherent. For each v € X, Mx, = N", where r is
the number of irreducible components of codimension one of X \ U passing
through x.
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Proof: Let Y be the union of the irreducible components of codimension one
of X\ U, let Z be the union of the irreducible components of codimension
at least two, and let U’ := X \'Y. Then U = U’ \ Z, and since Z has
codimension at least two and U’ is normal, the natural map Oy — j.Oy
is an isomorphism. It follows that the natural map j°9(Op:) — j99(Oy) is
an isomorphism, and so without loss of generality we may assume that Z
is empty. We may also assume that X is affine; since X is locally factorial,
the ideals {p, : © = 1...n} defining the irreducible components of Y are
invertible, and we may assume that they are principle, say p; = (¢;). Then
t; defines a global section of My. We shall see that the map §:N" — My, x
sending the " standard basis element e; of N™ to ¢; is a chart for Mx. The
stalk of My, x at a point x consists of the set of all elements of O, which
become units in the localization of Ox, by t := tita,---t,. Because Ox,
is factorial, an element of this localization be written uniquely as a product
at{' -- -ty with e; € Z and a € Ox ;. Such an element lies in My, x if and
only if a € O% , and ¢; > 0 for all 4, and it lies in M% , if and only if ¢; = 0
whenever ¢; is not a unit in Ox. Thus My ,x = N" = N"/37 (M%), and §8
is chart by (2.1.5). O

Corollary 2.1.10 The log structures associated to a semistable reduction
over a DVR (1.2.7) are fine, and the associated morphism of log schemes
locally admits a chart of the form N — N" : 1+ (1,1,...1).

Corollary 2.1.11 If (X4, M) is a fine log scheme for the étale topology,
there exist an étale cover f: X' — X and a log structure My, on X, such
that f*Myg is the étale log structure associated to M.

Proof: Without loss of generality we may assume that X admits a chart.
Let M,., denote the corresponding Zariski log structure Then the previous
result shows that for every étale U — X, I'(U, Mg) = T'(U, M,ar) SO Mg is
the étale log structure associated to M,,;. O

2.2 Construction and comparison of charts
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Proposition 2.2.1 Let 3: Q) — M be a chart for a sheaf of monoids M on
as scheme X. Suppose that (3 factors:

0 B
B=Q —Q — M,
where () is finitely generated. Then, locally on X, (3 can be factored

ﬁ/ — Ql o Q// ﬁ”

where (3" a finitely generated chart for M. In particular, M is coherent.

M

Proof: Let {q, : i € I} be a finite system of generators for @', and let T be
a geometric point of X. Because 3 is a chart, it follows from (1.1.11) that the
map (3. is surjective. Hence for each i € I there exist an element ¢; € Q, a
neighborhood U; of z, and a section w; of M*(U;) such that 3'(¢)) = B(q;)+u;.
Replacing X by [[x U;, we may assume that the u; are global sections of M™*.
Let Q" be the quotient of Q' @ Z! by the relation identifying (¢},0) with
(0(q:),e;). Then there are commutative diagrams

0 0

Q Q' Q* Q"
/6 0/ 9// ﬁa 0 6//(1
M ﬁ QII M 6 Ql/a

where (3" sends the class of any (¢’,0) to 3'(¢’) and the class of (0,¢;) to
u;. Then Q" is generated by the elements 7, = 0(g;), and so :Q — Q" is
surjective, and it follows from (II, 4.1.2 ) that §*: Q* — Q" is also surjective.

But 3" 0 8’* = 3% which is an isomorphism, so 6’ is also bijective, and so
G":Q" — M is again a chart. H

Let M be a sheaf of monoids on X. If T is a geometric point of X, a germ
of a chart at T is a chart of the restriction of M to some open neighborhood
of T in X, and a morphism of such germs 3 — (3’ is an element of the direct
limit li_H>1HomM(ﬁ‘U, B"U), where U ranges over the étale neighborhoods of 7.

Corollary 2.2.2 Let M be a coherent sheaf of monoids on X and let T be
a geometric point of X. Then the category of germs of coherent charts for
M at T is filtering.
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Proof: Let (;:Q; — M), be finitely generated charts for the restrictions
of M to neighborhoods U; of T in X, for ¢ = 1,2 and let U := U; xx Us.
Then Q' := Q1 @ Q- is finitely generated and f; factors through the map
f': Q" — M,, induced by 4, and ;. By (2.2.1), 8’ factors through a coherent
chart 3”: Q" — M in some neighborhood of Z, and so there is a commutative
diagram:

Q2

where 3" is a coherent chart for a.
Similarly, if 6;: 6 — (' is a pair of morphisms of coherent charts, the
coequalizer Q" of 6; and 65 is finitely generated, and there is a diagram

Q Q/ Q”

B g
/6 6”
M.

Then by (2.2.1), p” factors through a coherent chart Q" — M. Combining
these two constructions, we see that any diagram of charts

Q Q1

Q2

fits into a commutative square in a neighborhood of z. Finally, since M is
assumed to be coherent, there is a chart of M in some neighborhood of every



120 CHAPTER II. LOG STRUCTURES AND CHARTS

point. Thus the category of germs of charts at T is nonempty, and hence is
filtering. O

Corollary 2.2.3 Let §: M — M’ be a morphism of coherent sheaves of
monoids on a scheme X and let 3:(Q — M be a chart for M. Then locally
on X there exists a commutative diagram

0—2 ¢
8 g
M 0 M’

where (3’ is a coherent chart for /. If f: X — Y is a morphism of coherent
log schemes and () — My is a coherent chart for Y, then locally on X there
exists a coherent chart for f subordinate to a morphism of finitely generated
monoids ) — P.

Proof:  Since (M',a/) is coherent, and the assertion is local on X, we may
assume that M’ admits a coherent chart ”: Q" — M’. Consider the com-
mutative diagram

Q Qe Q"
B Y
M i M,

where v is o3 on @ and 5" on Q”. Since Q@ Q)" is finitely generated, (2.2.1)
implies that v factors through a chart Q' of M’, and ¢:Q — Q ® Q" — Q'
is the desired map of finitely generated monoids. To deduce the second
statement, observe that the morphism @ — f*(My) deduced from Q@ — My
is a chart for the log structure f*(My) on Y, and apply the first statement
to the morphism f*(My) — Mx. O

The next result allows us to extend charts from a stalk to a neighborhood.
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Proposition 2.2.4 Let M be a coherent sheaf of monoids on a scheme X
and let T be a geometric point of X. Then the evident functor from the
category of germs of coherent charts of M at T to the category of finitely
generated charts of Mz is an equivalence.

The proof of this proposition will depend on some preliminary results.

Lemma 2.2.5 Let M be a sheaf of monoids on X and let T be a geometric
point of X. If P is a finitely generated monoid, the natural map

Hom(P, M)z — Hom(P, Mz)
is an isomorphism.

Proof: By (1,2.1.9.7) P is of finite presentation, so the functor Hom(P, )
commutes with direct limits. O

Lemma 2.2.6 Let M, Ms, and N be sheaves of monoids on X, let a;: M; —
N be logarithmic morphims, and let T be a geometric point of X.

1. If M is coherent, the natural map
Hom y (M, My)z — Hompn_(M;_, M,_)
is an isomorphism.

2. If My and M, are coherent, then a homomorphism 6: My — My over
N is an isomorphism in a neighborhood of T if and only if its stalk 60z
is an isomorphism.

Proof: Let (31: Q1 — M; be a coherent chart for M;. Since a; and «y are
log structures over N and (3 is a chart for M;, any morphism from @) to M,
over N factors uniquely through M;. That is,

HOIIlN(Ql, Mg) = HOIIlN(Ml, MQ)

This remains true on any neighborhood of T in X, so passing to the limit
and applying (2.2.5) with M = M, and with M = N, we get

MN(MD MQ)Z = mN(Ql, MZ)E = HomNz(Qla MQ,E)-



122 CHAPTER II. LOG STRUCTURES AND CHARTS

But Q; — M,_ is also a chart for M;_, and so
Homp_(Q1, M>_) = Homp_(M_, Ms_),

proving (1). Statement (2) is an immediate consequence. O

Lemma 2.2.7 Let 0: My — M, be a logarithmic homomorphism of coherent
sheaves of monoids. If the stalk of 6 at a point T of X is an isomorphism,
then 6 is an isomorphism in some neighborhood of T.

Proof: This is an immediate consequence of (2.2.6.2), with a; = 6 and
Qg = ldM2 ]

Proof of (2.2.4): Let 3:@Q — M|, be a chart for M,. Then 37 Q — Mzis a
chart of Mz. A morphism of germs of charts § — [’ comes from a morphism
of charts

Q & M,
0 (.
Ql

in some neighborhood and hence induces a morphism on stalks Gz — [L.
This defines our functor. On the other hand, if #:Q — @’ is such that
fio6 = [z and @Q is finitely generated, then in fact this equality holds in
some neighborhood of Z. This shows that the functor is fully faithful. To
show that it is essentially surjective, let 5z be a chart for Mz. Then by
(2.2.5), (# extends to a homomorphism from @ to M in some neighborhood
of Z. Moreover (3% is an isomorphism, and since 3¢ is logarithmic, it follows
from (2.2.7) that 8% is an isomorphism in some neighborhood U of . Thus
By,is a chart for M)|,,. O]

It is often desirable to construct charts for a log structure that are as
close as possible to its stalk at some given point. We shall now discuss some
of the techniques for doing so, restricting ourselves to the context of fine log
schemes.
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Definition 2.2.8 Let M be a sheaf of integral monoids on a scheme X, let
T be a geometric point of X and let §: P — M be an integral chart for M.

1. 6 is exact at T if it satisfies the following equivalent conditions:

(a) Oz: P — Mz is exact (2.1.8).
(b) 0z P — Mz is local.

(c) 0z: P — Mz is an isomorphism.
2. 0 is good at T if it satisfies the following equivalent conditions:

(a) P is sharp and 0 is exact at T.
(b) 7o fz: P — Mgz is an isomorphism.

———qgp . . .
(c) w0 0% P — MY is an isomorphism.

The equivalence of the conditions in (1) follows immediately from (1.1.12).
To check the equivalences in (2), note that (a) implies (b), because (1c) holds,
and (b) trivially implies (c). If (c) is true, then P — M3 is injective, so P is
sharp. Since 6 is a chart, m o 03 is surjective, hence bijective, so 05 is exact
by (I, 4.1.3). Thus (c) implies (a).

Remark 2.2.9 Let 0: P — M be a fine chart for M and let T be a geometric
point of X. Then F := 0 'Mz: is a face of P, and hence by (I, 2.1.9)
there exists a p € F' such that (p) = F. Since 0(p)z € M, there exists a
neighborhood U — X of T on which #(p) is a unit, and then 6 factors through
amap 0": Pr — M),. Then 6~ is exact. In other words, any fine chart for M
factors locally through a chart which is exact at T.

Definition 2.2.10 A markup of an integral monoid P is a homomorphism ¢ or layout?
from a finitely generated abelian group L to P9 which induces a surjection
L — P". A morphism of markups of P is a homomorphism of abelian groups

0: Ly — Ly such that ¢5 06 = ¢;.

If ¢;: L; — P9, 4 = 1,2, is a pair of markups of P, then so is the map
(¢1,¢2): L1 ® Ly — P9. 1f § and 0 are morphisms of markups ¢; — ¢9, then
the induced map from the coequalizer of 6 and 6’ to P9 is also a markup.
The category of markups of P is nonempty, and hence filtering, if and only
if P is finitely generated.
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Theorem 2.2.11 Let M be a fine sheaf of monoids on X and let T be a
geometric point of X.

1. If ¢: L — M2 is a markup of M, consider the induced map
0:Q = L X 90 Mz — M.

Then the natural map Q% — L is an isomorphism, and 6 is the germ
of a fine exact chart for M at T.

2. Conversely, if 0: Q — M is a fine exact chart at T, then 02": Q9% — M
is a markup of Mz. The correspondence ¢ — 6 gives a equivalence
between the category of germs of fine exact charts for M at T of «
which are exact at T and the category of markups of Mz.

Proof: Let ¢ be a markup of Mz and let 0: () — Mz be the map described
in (1). Note first that since Mz — M5 is exact,

— — gp N — AT
Q =L XM;” Mf =1L XMgp Mf XM%p Mf =L Xﬁép Mf.

Thus @ is a fibered product of fine monoids and hence by (I, 2.1.9), @ is
fine. The integrality of Mz implies that Q C L and hence Q% C L. If
z € L, ¢(2) € MZ can be written as m; — my with m; € MZ. Then
there exist z; € L and u; € MZ such that ¢(z;) = m; + u;, hence z; € @ and
O(z—z1+22) =ur—ug € ME Thusw := z—z1+25 € Q% and z = w+21 — 29,
so Q9% = L. It follows that @ is exact, and so by (I, 4.1.3) 0:Q — My is
injective. Since ¢ is surjective, @ is surjective, hence an isomorphism. Since
0 is exact, it is local, and so by (1.1.11) the map @ — Q" is an isomorphism.
Then ?% is an isomorphism, and since 6% is sharp and Mz is integral, it follows
from (I, 4.1.2) that 6% is an isomorphism. By (2.2.4), 6 defines a chart in
some neighborhood of x; 6 is exact at = by construction. This proves (1).
Conversely, if : Q — M is a chart which is exact at Z, then Q = Q" = Mz
by (1.1.12). Thus the map Q% — M9 is a markup, and this construction is
quasi-inverse to the functor taking a markup to a chart. O

Corollary 2.2.12 Suppose that X is a fine (resp. fine and saturated) log
scheme and T is a geometric point of X. Then, in some neighborhood of T,
X admits a fine (resp. fine and saturated) chart which is exact at T, and the
category of germs of such charts is filtering.
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Corollary 2.2.13 A log structure on a scheme X is fine (resp. fine and
saturated) if and only if locally it admits a fine (resp. fine and saturated)
chart.

Corollary 2.2.14 Let f: X — Y be a morphism of fine log schemes, let
v:QQ — My be a fine chart for My and let T be a geometric point of X.
Then in some neighborhood of T in X, v fits into a fine chart for f which is
exact at T.

Proof: Since My is fine, Mz is fine, and admits a markup L — M.
Then
(fro70): L= Q" & L — MY,

is also a markup of Mz, and so corresponds by (2.2.11) to a chart §: P —
My in some neighborhood of . Then the map Q% — L' induces a map
0:Q — P:=1L X pgr_ Myxz. Since 3z 060 = f# o~ and @ is fine, it follows
from (2.2.4) that, after further shrinking X, 806 = f# o. O

Proposition 2.2.15 Let X be a fine log scheme such that MY is torsion
free (for example, a fine and saturated log scheme) and let T be a geometric
point of X. Then in a neighborhood of T, there is a chart for My which is
good at T.

Proof: Let P =: Mxz. Since My is fine, P is fine, and hence P is a
finitely generated abelian group. Since MY is torsion free, M ??,z = P9 is
torsion free, hence free, and the exact sequence

* ap A 79P
()—>MX3—>MX@—>MX’E—>O

splits. Choose a splitting ¢: P% — M$; then ¢ is a markup (2.2.10) of Mx .
The inverse image of M xz in P% is just P, and so by (2.2.11), P — Mxz
extends to a chart § for X in some neighborhood of z; evidently 3 is good
at x. O]

To produce good charts in a more general setting we shall use the following
lemma.



126 CHAPTER II. LOG STRUCTURES AND CHARTS

Lemma 2.2.16 Suppose that G is a finitely generated abelian group (resp.
a finitely generated abelian group whose torsion part is killed by an integer
n invertible in Ox). Let G' be any abelian sheaf in the fppf (resp. étale)
topology on X. Then as sheaves in the fppf (resp. étale) topology on a
scheme X we have

1. Ext*(G,G") = 0.
2. Ext'(G, Q") is right exact.

3. BExt'(G,G") = 0 if G’ is any quotient of O%.

Proof: This is certainly true if G is free, and since G is a direct sum of a free
abelian group and a torsion group, we may as well assume that G is a torsion
group. Since G admits a finite free resolution of length 1, Ext*(G, ) = 0 and
consequently Ext' (G, ) is right exact. Thus we have already proved (1) and
(20. If n is the order of G, multiplication by n on O% is surjective in the
fppf (resp étale) topology, and it follows from (2) that it is also surjective
on Ext'(G,0%). Since n annihilates G, it also annihilates Ext'(G, O%),
and consequently Ext'(G,O%) = 0. Then the right exactness of Ext'(G, )
implies that the same is true with O% replaced by any quotient G'. O

Proposition 2.2.17 Let X be a fine log scheme and let T — X be a ge-
ometric point. Suppose that the order of the torsion subgroup of Mﬁfi is
invertible in k(Z). Then locally in an étale neighborhood of x in X, Mx
admits a chart which is good at 7.

Proof: Let T be a geometric point of X lying over x, and consider the exact
sequence of abelian groups:

A gp T FrIP
O—>OX’E—>MXE—>MX75—>O

Let L := M%; then by (2.2.16.3) (applied with G’ = O%), there is a map
¢: G — M3 such that mo is the identity. Then ¢ is a markup of Mx z, and,
just as in the proof of (2.2.15), the corresponding chart in a neighborhood of
T is good at x. O
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We now turn to the considerably more complicated relative case. The
charts constructed in the following theorem, due to K. Kato, are sometimes
called neat charts. Recall from (1.2.8) that if f: X — Y is a morphism of log
schemes, My y is the cokernel of f*My — Mx.

Theorem 2.2.18 Let f: X — Y be a morphism of fine log schemes, and
let v: Q) — My be a fine chart for My . Then in a flat neighborhood of any
geometric point T of X, there exists a neat chart for f, i.e., a chart for f

P B My
0 T
Q My

with the following properties:
1. 097: Q9 — P9P is injective,
2. the map P9 /Q% — M %Y@ induced by (3 is bijective, and
3. (B is exact at T.

If the order of the torsion part of M$y  is a unit in k(Z), then such a chart
exists in an étale neighborhood of T.

Proof: Let 5 := f(T), let Nz denote the image of (f*My )y in Mx 7z and let
()’ denote the image of () in Mx 7. Consider the exact sequences:

9p 9p gp
0— N7 — ]\4X7E — ]\4X/Yj — 0

* * N rgp 7 79P
0— OXE — f Myz — MY’y — 0.

Because () — My, is a chart, the map Q% — ngfy is surjective, and con-
sequently N2” is the subgroup of M3, generated by O% ; and Q7. Thus
the map O%; — N37*/Q" is surjective, and it follows from (2.2.16.3) that
Ext'(M vz Vi /@) vanishes in the appropriate topology. Then the exact
sequence

Bt (M5 Q) = Ext! (M N2') — Bt (M5 N2/ Q™)
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shows that the extension class in Ext! (M%)y 7z N3") corresponding to the
first of the exact sequences above lifts to a class in Ext'(M f(p v Q'%). Since
Q% — Q' is surjective it follows from (2.2.16.2) that thls class lifts to a
class in Ext'(M¥ /Ym, @9). In other words, there is a commutative diagram
with exact rows:

0 - QP - L - M)y —— 0
¢ id
0 - N&¥ - My ——— MEy . ——— 0

Since the map Mx — Mx/y factors through M x and My is fine, the monoid
M)y is also fine, and in particular M gp/yf is a finitely generated group.
Since @ is fine, Q% is also finitely generated, and it follows that the same is
true of L. Moreover, the map Q% — N2 is surjective, and it follows from
the diagram that L — M;’?@ is also surjective. Thus ¢ is a markup of My z.
It follows immediately that the corresponding chart P — Mx 7 fits into the
diagram in the statement of the theorem and satisfies conditions (1)—(3). O

Remark 2.2.19 Suppose in the situation of the previous theorem that f
induces an injection Myz — M xz and that Q — My is good at y. Then
P — My is also good at T. Indeed, we have a commutative diagram with
exact rows:

0 - Q9 - L - MYy ——— 0
0 MYy ——— MY —— My —— 0

This shows that L — Mﬁﬁ’@ is an isomorphism.

If0. P — M is a chart for M and v: P — M* is any homomorphism, then
0+ is again a chart for M. In fact it is almost true that any two charts can
be compared in this way. For the sake of simplicity of exposition, we begin
with the following easy special case, which we shall generalize later.
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Proposition 2.2.20 Let §: P — M and 0': P — M be fine charts for a fine
sheaf of monoids M on X. Suppose that P9 is torsion free and that @' is
exact at a geometric point T of X. Then in some neighborhood of T in X,
there exist maps k: P — P' and ~: P — M* such that 0 = 0" o k + 7.

Proof: The fact that ¢ is exact and z implies that 0: P — Mz is an
isomorphism. Let % denote the composition of the § with the map Mz — Mz
followed by the inverse of §. Then & oF is the map P — M5 induced by
0. Since P9 is a finitely generated free abelian group, there exists a map
KIP: P9 — P'9P lifting R9P. By the exactness of #', k% maps P — P’. Thus
there is a map k: P — P’ such that @ o & = §. Then for every p € P,

v(p) == 0(p) — O'k(p) € M™. 0

More generally, the existence of torsion may necessitate a localization the
étale or flat topology.

Proposition 2.2.21 Let f: X — Y be a morphism of fine log schemes with
two fine charts

P—% My P My
0 fb Ql fb
Q— " ) Q— " )

for f. Suppose that o/ is exact at a geometric point T of X and that 69 is
injective. Then after replacing P’ by a mild pushout and X by a quasi-finite
and flat neighborhood of T, there exist maps k: P — P’ and v: P — M* such
that

ko =40, adok=v+a, and % o00% =0.

If the order of ghe torsion of the cokernel of 09 is invertible on X then the
neighborhood X — X can be taken to be étale.

We begin with the following elementary construction.
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Definition 2.2.22 A morphism P — P of integral monoids is said to be a
mild pushout if the diagram

P* P*

P P

is cocartesian and the quotient ]5*/P* is a finite group.

Lemma 2.2.23 Let P — P be a mild pushout and let R be a ring. Then
the map R[P] — R[P] is finite and flat, and it is étale if the order of P*/P*
is invertible in R.

Proof: Because P is the pushout, the map

R[P] ®pip) R[P*] — R[P]

is an isomorphism. Thus we are reduced showing that R[P*] — R[P*] is flat
or étale. The flatness follows from (?7). It can also be seen directly from
the fact that as a P-set, P is a union of its P-cosets, each of which is a free
P-set, and so as an R[P]-module, R[P] is a direct sum of free R[P]-modules,
hence is free. For the last statement, it is enough to show that if the order
of P*/P* is invertible in R, then the map R[P] — R[P] is unramified. The
easiest way to see this is to use the fact (??) that, for any abelian group

G, there is a natural isomorphism Q}%[G] r— R® G. Then the module of

relative Kahler differentials of our map can be identified with R ® P* /P*,
which vanishes if the order of P*/P* is invertible in R. [

Lemma 2.2.24 Let P be an integral monoid and let P* — G be an injective
homomorphism of abelian groups such that G/ P* is finitely generated. Then
there is a mild pushout P — P such that the induced map P* — P* factors
through G and such that the quotient P* /P* is isomorphic to the torsion
subgroup of G/ P*.
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Proof:  Let G’ be the inverse image in G of the torsion subgroup of G/P*.
Then G/G' is finitely generated and torsion free, hence free, so there is a
splitting of the inclusion G’ — G, and the map P* — G’ factors through G.
Let P be the pushout of P* — P by the map P* — G'. Then P* — G/, and
P — P is a mild pushout as required. [

Proof of (2.2.21): Since o is an exact chart, @ is an isomorphism. Let % be
the composition of P — M — M with the inverse of @ and let ¢ := f” o /3.
Then we have a diagram:

7T/

0 _ Pl* - P/gp _ F’QP - 0
o’ R
0 . Qo . po .C -0

The obstruction to lifting & to a map P9 — P'% lies in Ext!(P, P™*), and is
in fact the pullback of the upper row of the diagram by means of % However,
because of the existence of ¢', this obstruction dies in Ext'(Q%, P’*), and
hence comes from an element in Ext'(C, P’*). By lemma (2.2.23), a mild
pushout along P™ kills this element, so that we may assume that there exists
k: P9 — P9 with 7'k = K. Since ¢ is exact, x in fact maps P to P’. Now
let 9 := kO — @'. Then 7’6 = 0, so that in fact § is a map from @Q to P’
The obstruction to extending it to P lies in Ezt'(C, P™*), and another mild
pushout P’ — P’ kills it. Since the composition of mild pushouts is another
mild pushout, this is allowed. But now if §’ extends J, we may replace x by
k — 0, and then x6' = 6.

The chart o for the log structure ax: Mx — Ox defines a strict mor-
phism of log schemes X — Ap. Let X be the Cartesian product

X

As,

X

AP’J
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where the map on the right is induced by the mild pushout P’ — P’. This
map is finite and flat by (2.2.23). Suppose be the order m of the torsion
subgroup of C'is invertible in k(Z). Then in some neighborhood of Z, the map
X — SpecZ lifts to Spec Z[1/m], and if we work over this base, everything
becomes étale. Since the map P’ — ¢ is again a chart, we may as well
assume that P’ = P’ and that X = X.

Finally, observe that, from the definition of , it follows that @’ o & = @,
and hence that o/ ox —«a factors through M*. In fact, since K'0 = 6, &’ ok —«
also factors through the cokernel of #. This shows that there is a map + with

the desired properties. ]

Remark 2.2.25 Ifin the situation of the proposition (2.2.21) 6 is neat (2.2.18)
and 09 is injective, then k9% is also injective. Indeed, if p € P9 and
k9% (p) = 0, then ma(p) = 7'd’k(p) = 0, and since 6 is neat, it follows
that p maps to zero in P%/Q9%. Thus p = 0(q) for some ¢ € Q%, and so
0 =k(p) = k(0(q)) = 0 (q) = 0. Since ¢ is injective, it follows that ¢ = 0.
We should also remark that if o/ is good, no mild pushouts are necessary,
and the construction of x and ~ is much simpler.

2.3 Constructibility and coherence

It is possible to give a fairly explicit description of what it means for a sheaf
of integral monoids to be coherent. As we saw in (), a log structure for the
étale topology on X is coherent if and only if X admits an étale covering on
which the associated Zariski log structure is coherent. Since coherence is a
condition that can be verified étale locally, it therefore will be sufficient to
work with the Zariski topology, and we shall do so in the current section.

Recall from [9, 0 (2.1.1)] that a topological space is said to be sober if
every irreducible subset contains a unique generic point.

Definition 2.3.1 Let X be a sober noetherian topological space and let E
be a sheaf of sets on X. A trivializing stratification for E is a finite subset %
of locally closed connected subsets S of X such that

1. X =UxS and SNT =0 if S and T are distinct elements of ¥.

2. If Sy and S, are elements of ¥ and S; N Sy # 0, then S; C S,.
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3. The restriction of E to each S € ¥ is constant.

We say that a sheaf E on X is quasi-constructible if X has a trivializing
stratification for E.

For example, if X is a finite Kolmogoroff space, each point is locally
closed, and the set Y of singleton subsets of X is a stratification of X sat-
isfying the above conditions. Thus any sheaf on X admits a trivializing
stratification. Furthermore, if X — Y is a continuous map and ¥ is a triv-
ializing partition for £ on Y, then the set of connected components of the
elements of f~1(X) is a trivializing stratification for f~'(F) on X.

If ¥ is a trivializing stratification for E and s € S € X, then since £ is
constant and S is connected, the natural map F(S) — FEj is an isomorphism.
We write Fg for E(S) to emphasize this. If z and y are points of X such
that x € y~, then every neighborhood U of x contains y, and the compatible
family of maps E(U) — E, induce a cospecialization map

COSPyy: By — B

If S and T are elements of S with S C T, and s € S and t € T, there is a
commutative diagram

coSps.T
Eg ———— Er

1%
I

Theorem 2.3.2 An integral sheaf of monoids M on a locally noetherian
sober topological space X is fine if and only if it satisfies the following three
conditions:

1. X admits an open covering on which E is quasi-constructible.
2. For each v € X, M, is finitely generated.

3. Whenever x and ¢ are points of X with x € £, the cospecialization map
cospg e: My — My identifies M¢ with the quotient of M, by a face.
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Proof:  Suppose that M is fine. Properties (1) through (3) are local on
X, so we may assume that X is noetherian and by (2.2.13) that M admits
a fine chart P — M. Let h: X — S := Spec(P) be the corresponding
map of locally monoidal spaces. Then by (2.1.4), M = h='Mg. Since S is
a finite Kolmogoroff space, Mg is quasi-constructible, and hence so is M.
Furthermore, properties (2) and (3) hold for Mg, and hence also for M.

Now suppose that M satisfies the conditions (1) through (3) and let = be

a point of X. Since Mip is finitely generated, M, admits a markup L — M,,
and since M, is finitely generated, P := L xgp» M, is a fine monoid by
(2.1.15). By (2.2.5), there exist an open neighborhood U of z and a map
B: P — M(U) inducing the map P — M,. If y € U, let P, := Piy“ =
P/(87'M;), and let W be the set of y such that the map P, — M, is an
isomorphism. It will suffice to prove that W is open in X.

If y and & are points of X and y € £, there is a commutative diagram:
P, By M,

cospp coSppr

Pe

M
A
If y € W, then 3] is an isomorphism. By condition (3), cospy is the quotient
by a face, and since P? is coherent, the same is true of cospp. It follows that
B¢ is also an isomorphism, so that 1 is stable under generization. If £ € W,
let S (resp. T') denote the stratum of the trivializing partition for P’ (resp.
for M) containing . Since S and T are locally closed, S N'T contains a
neighborhood U of ¢ in £~. Then for any point y € U C &7, the cospp and
cospys are isomorphisms. Since (¢ is an isomorphism, it follows that (3, is
also an isomorphism, so y € W. This shows that if £ € W, W contains a

nonempty open subset of {~. Since W is also stable under generization, it is
open, by [7, 0;77,9.2.6], and Py — M is a chart of M on W. ]

Definition 2.3.3 A sheaf of monoids M on a locally noetherian sober topo-
logical space is locally constructible if it satisfies (1) and (2) of (2.3.2).
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Corollary 2.3.4 If X is a fine log scheme then M x satisfies the conditions
(1)—(3) of the Theorem (2.3.2).

Corollary 2.3.5 If X is a fine log scheme and n is an integer, then
X" = {z € X : tk(M%5) < n}

is an open subset of X.

Proof: We may assume without loss of generality that X is noetherian.
By (3), if # in X™ and 2 € ¢, then ¢ € X™ 4., X is stable under
generization. Also if ¢ € X and S is the stratum containing &, then S
contains a dense open subset of £, and for each point s of S, rk(ﬂigs) =
rk(ﬂﬁ(pé) < n. Then by [7, 077, 9.2.6], X™ is open. O

We shall say that a stratum S of a trivializing partition > for F is a
central stratum if S is contained in the closure of every element of X, and we
say that a point x is a central point of ¥ if x belongs to the closure of every
element of ¥. It follows from (2) in the definition of a trivializing partition
that x is a central point of ¥ if and only if the stratum containing it is a
central stratum for ¥. Any point of X has a neighborhood U such that x
is a central point for X, : it suffices to take U to be the complement of the
closures of all the strata whose closures don’t contain .

Proposition 2.3.6 Let E be a quasi-constructible sheaf on a noetherian
topological space X and let x be a point of X. Then for all sufficiently small
neighborhoods U of x in X, the natural map E(U) — E, is an isomorphism.

Proof: For each S € ¥, let Fig be the set of irreducible components of S™.
Then {F € Fs : x ¢ F} is a finite set of closed subsets of X not containing
x. Removing all these from X, we may without loss of generality assume
that z belongs to the closure of every element of Fg. This remains true on
every open neighborhood of x in X, so it will suffice to prove that the map
E(X) — E, is an isomorphism. Note that x is necessarily a central point of
X.

Lemma 2.3.7 If z is a central point of X, the map E(X) — E, is injective.
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Proof: For each y € X, let S(y) be the stratum containing y. Then z €
S(y)~, so there is a commutative diagram:

B(X) E.
COSpZ7S(y)
E, —— Es()

Hence if e and ¢’ are elements of £(X) with the same stalk at z, they have
the same stalk at every y € X, hence they are equal. O

Applying this lemma with z = z, we see that the map E(X) — E, is
injective. For the surjectivity, suppose s € E,, and let U be a neighborhood
of z in X and e € FE(U) such that e, = s; e is unique by (2.3.7). Since X
is quasi-compact, we may suppose that U is a maximal open subset of X to
which e extends, and we claim that in fact U = X. If not, let z be a point in
X\ U, let Y be the irreducible component of the stratum S in ¥ containing
z, and let 17 be the generic point of Y. Then x and z both belong to ™, and
cosp, , is an isomorphism. Hence there exist an open neighborhood V' of z
in X and an element f € E(V) such that

cosp,n(f2) = cospyp(es).

Shrinking V', we may assume that z is a central point for ¥, and then 7 is
a central point for 3, . Since e|, ., and f|, . have the same stalk at (),
it follows from (2.3.7) that they agree on V N U, hence patch to a section of
E(U UV), contradicting the maximality of U. O

Proposition 2.3.8 If Mx is a fine log structure on a locally noetherian
scheme X, then for every quasi-compact open set U of X, I'(U, M x) is fine.

Proof: Suppose first that M is a fine log structure for the Zariski topology.
Then U is noetherian, and by (2.3.2) U admits a trivializing partition for M x.
Then by (2.3.6), every point x admits an open neighborhood U, contained
in U such that the map M x(U,) — M xz is an isomorphism. In particular,
Mx(U,) is a fine monoid. Since U is quasi-compact, there exists a finite
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set {Uy,,...U,,} of these neighborhoods which cover U, and we prove that
['(U,n, M x) is fine by induction on m, where U, :== U{U,, : i < m}. In fact,
['(U,,, Mx) is the fiber product of I'(U,,_1, M x) and I'(U,, , Mx) over the
integral monoid T'(U,, N U,,,, M x), so it is fine by (I, 2.1.9.6).

Now suppose that My is a fine log structure for the étale topology. Then
U admits an étale covering U’ — U over which My is a fine log struc-
ture for the Zariski topology (2.1.11); U’ is quasi-compact since U is. Since
['(U, M x) is the equalizer of the two maps T'(U’, M x) — T(U’ xy U', Mx)
and since T'(U’, M x) is fine and T'(U’" xy U', M x) is integral, ['(U, M x) is
fine by (1,2.1.9.5) O

2.4 Fibered products of log schemes

Just as in the case of ordinary schemes, the existence of products in the
category of log schemes has deep consequences and many subtleties.

Proposition 2.4.1 Let X be a scheme. Then the category of prelog (resp.
log) structures on X admits inductive limits. The inductive limit of a finite
family of coherent log structures is coherent.

Proposition 2.4.2 The category of log schemes admits fibered products,
and the functor X — X taking a log scheme to its underlying scheme com-
mutes with fibered products. The fibered product of coherent log schemes is
coherent.

Proof:  Let {a;: M; — Ox : i € I} be an inductive family of prelog struc-
tures on X and let M be the inductive limit of the system M; in the category
of sheaves of monoids on X. Then the maps «; induce a map : M — Oy,
and (3 is the inductive limit of {«a; : @ € I} in the category of prelog structures
on X. If each q; is in fact a log structure, then the log structure a := (3¢
associated to [ is the limit of {«; : @ € I} in the category of log structures
on X. It remains to show that « is coherent if each «; is coherent and I
is finite. It suffices to treat the case of amalgamated sums. Given a pair of
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maps of coherent log structures

01

Q) —— 0

)

Qg,

let a be the amalgamated sum in the category of log structures. We may
assume that o admits a chart 3y subordinate to a finitely generated monoid
(Qo. By (2.2.3) we may, after shrinking X if necessary, find coherent charts
¢i: Qo — Q; for the morphisms ;. Let () be the amalgamated sum Q1 ®g, (2,
with its canonical map 3: Q) — M. Because the functor g +— 3% is a left
adjoint, it commutes with inductive limits, and it follows that 3% = «, in
other words, that 3 is a chart for ae. This proves (1). For (2), it suffices to
construct fibered products, and if f: X — Z and g:Y — Z are morphisms
of schemes with coherent log structures, then on the fibered product X’ of
underlying schemes we have a pair of morphisms of log structures prja; —
privax and priyax — pryay. One checks immediately that, if ay: is the
inductive limit of this family in the category of log structures, then (X', ax/)
together with the induced maps to X, Y, and Z, is the fibered product in
the category of coherent log schemes. O]

Remark 2.4.3 It follows from the construction of fibered products that the
family of strict maps is stable under base extension.

Remark 2.4.4 If X is a log scheme, let X denote the log scheme with
the same underlying scheme but with trivial log structure. Then there is a
natural morphism of log schemes X — X, and a morphism f: X — Y of log
schemes fits into a commutative diagram:

S

X Y

I~

<
[~
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If f is strict, this diagram is Cartesian. In particular, if Y = Spec(P — Z|[P))
and f is a chart for X corresponding to a morphism 5: P — I'(X, M), then
for any log scheme T', to give a morphism ¢g: T — X is the same as to give a
morphism g7" — X and a morphism v: P — I'(T', M) such that the following
diagram commutes:

2

P (T, Mr)

ar

#
L(X, 0x) £+ I(T,0y).
If f: X — Y is any morphism of log schemes, let i: X — X’ and f*: Xy —
Y be the canonical factorization of f, with f® strict. These maps fit into a
commutative diagram

X' X - X

I~

N

Y

=<

in which the square is Cartesian.

Since the amalgamated sum of integral (resp. saturated) monoids need
not be integral (resp. saturated), the construction of fibered products in the
category of fine (or fs) log schemes is more delicate, and in fact involves some
of the main technical difficulties of logarithmic algebraic geometry. We will
make use of the following construction

Proposition 2.4.5

1. The inclusion functor from the category of fine log schemes to the
category of coherent log schemes admits a right adjoint X — X™,
and the corresponding morphism of underlying schemes X™ — X is a
closed immersion.
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2. The inclusion functor from the category of fs log schemes to the cat-
egory of fine log schemes admits a right adjoint X — X% and the
corresponding morphism of underlying schemes X** — X is finite and
surjective.

Proof:  Suppose that X is a coherent (resp. fine) log scheme, and let F' be
the functor on the category of fine (resp. fine saturated) log schemes sending
T to the set of morphisms 7" — X. We wish to prove that F' is representable.
Suppose first that there is a coherent (resp. fine) chart f: X — Ap for X,
where Ap := Spec(P — Z[P]). Notice that if F' is representable by a some
X' — X, then X’ — X is unique up to unique isomorphism, independent
of the choice of f. Let P’ := P™ (resp. P**). Since Z[P] — Z[P'] is
surjective (resp. injective and finite (2.2.5)), the natural map Ap — Ap is a
closed immersion (resp. a finite surjective morphism). Let X' := X Xxa, Ap'.
Since X — Ap is strict, it follows that X’ — Ap/ is strict, and hence by
(2.4.4) that X’ is integral (resp. saturated). If T is a fine (resp. fine and
saturated) log scheme, then by (2.4.4) a morphism f: 7 — X can be viewed
as a morphism f:T — X together with a compatible map P — I'(T, Mr).
Since T'(T, My ) is integral (resp. saturated), the map P — I'(T, My) factors
uniquely through P’, and it follows that the map 7" — Ap factors uniquely
through Ap, and hence that the map T" — X factors uniquely through X’.
Thus X’ represents the functor F. In the general case, X admits an étale
covering X — X, where X is a union of open sets each of which admits
a chart. It follows that the functor F corresponding to X is representable
by a fine (resp. fine and saturated) log scheme X’ — X. Furthermore,

the underlying morphism of schemes X' — X is a closed immersion (resp. a
finite surjective morphism), and in either case is relatively affine over X. The
functorial interpretation of X’ provides it with descent data for the covering
X — X. It follows from the descent of relatively affine schemes for the étale
toplogy [5, 1-2] that there is an affine morphism X' — X corresponding to
X' — X, and the log structure on X’ descends to X’ since sheaves in the
étale topology also satisfy étale descent. O]

Notice that the morphisms of topological spaces underlying the maps
Xt — X and X% — X' are not in general homeomorphisms, and in
particular that we cannot identify Myme with M or Mxsa with M5, in
general.
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Corollary 2.4.6 The category of fine log schemes (resp. of fine and satu-
rated log schemes) admits finite projective limits. If X and Y are fine (resp.
fine and saturated) log schemes over a fine (resp. fine and saturated) log
scheme Z then the natural map from the underlying scheme of the fibered
product X x Y to the fibered product of underlying schemes is a closed
immersion (resp. a finite morphism).

Proof: It X — Z and Y — Z is a pair of morphisms of fine log schemes,
then it follows from the universal mapping properties that (X xz Y)®t to-
gether with its induced maps to X, Y, and Z, is the fibered product of X and
Y over Z in the category of fine log schemes. The analogous construction
works for fine and saturated log schemes. ]

2.5 Coherent sheaves of ideals and faces

Let 6: P — M be a homomorphism from a constant monoid P to a sheaf of
monoids M on a topos X and let I be an ideal of P. We denote by Iy or
I the sheaf associated to the presheaf taking an open set U to the ideal of
M (U) generated by 6y(I). In particular, if 5: P — M is a chart for M and
K = I, we say that (P, I) is a chart for (M, K).

Definition 2.5.1 A sheaf of ideals in a sheaf of monoids is coherent if it is

locally generated by a finite number of sections.

Theorem 2.5.2 Let M be a sheaf of monoids on a locally noetherian sober
topological space X such that M is locally constructible (2.3.3) and let K
be a sheaf of ideals in M. Then the following are equivalent:

1. K is coherent.

2. X can be covered by open sets U for each of which there exists an ideal
I € M(U) such that K, = 1.

3. For every pair of points x and £ of X with x € £, the image of
cospy et Ky — K¢

generates K¢ as an ideal in M.

This section has
not been rewritten
or lectured on.
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Proof: 1f K is coherent and x € X, then = admits a neighborhood U on
which K is generated by a finite number of sections (si,...s,). Let I be
the ideal of M(U) generated by (si,...s,); then I = K|, so (2) holds.
Assuming that I € M(U) generates K|, on a neighborhood U of x, then
every generization £ of z is contained in U, so I generates K, and (3) holds.
Supposing that (3) is satisfied, let  be a point of X. Since M, is a finitely
generated monoid, it follows from (I1,2.1.9) that the stalk of K at x is finitely
generated as an ideal. Hence there exist an open neighborhood U of z in X
and a finite set of sections (s1,...s,) of K(U) which generate K. Shrinking
further, we may assume that x is a central point for some trivializing partition
of M. Tt will suffice to prove that I = K|, where I is the ideal of M(U)
generated by (s1,...s,). We just have to check the stalks, i.e., that for every
point 2’ of U, the map I — K, generates K, as an ideal of M,,. Let S be
the stratum containing z’. Then z belongs to the closure of S, and hence we
have a commutative diagram:

[N 7.
B Y o
K, — 7 Ky M

The assumption (3) implies that image of v generates the ideal Kg in Mg.
But § is an isomorphism because Mg is constant and 2z’ € S, and it follows
that v is bijective. Furthermore the image of 3, generates K, by construction
and the image of o generates K g by (3). It follows that K, is generated by
the image of (3,/, as required. n

Corollary 2.5.3 Let X be a locally noetherian fine log scheme and let K C
My be a coherent sheaf of ideals. Let T — X be a geometric point of X and
let B: P — Mx be a chart for M. Then in some neighborhood of T — X,
K 2 I3, where I := 32" (Kz).

Proof: Replacing X by some étale neighborhood, we may by (2.1.11) as-
sume that My is a log structure for the Zariski topology. Arguing as in the
proof of (2.5.2), we see that K = I3 in some neighborhood of z. O
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It is also sometimes useful to work with sheaves of faces. For example, let
X be a log scheme and U be an open subset of X. Then the subsheaf F of
Mx consisting of those sections whose restriction to U lies in O% is a sheaf
of faces of Mx. Even if F is not coherent as a sheaf of monoids, it often is
“relatively coherent” as a sheaf of faces, as we shall explain now.

Suppose that §: P — My is a fine chart for a sheaf of monoids. If F
is a face of P, let F denote the sheaf associated to the presheaf which to
every open set U assigns the face of Mx(U) generated by the image of F' in
Mx (U). Then F is a sheaf of faces in My.

Definition 2.5.4 Suppose that M is a sheaf of integral monoids on X and
F C M is a sheaf of faces of M. Then a relative chart for F is a chart
P — M for M together with a face G C P such that F = G. A sheaf of
faces F' in a quasi-coherent (resp. coherent) sheaf of monoids M is said to be
relatively quasi-coherent (resp. relatively coherent) if locally on X it admits
a relative chart.

A relatively coherent sheaf of faces in a coherent sheaf of monoids need
not be coherent as a sheaf of monoids. For a simple example, consider the
monoid P given by generators z,y, z and relations x +y = 2z. Let F' be the
face of P generated by x = 2z — y and let p be the complement of the face
of P generated by y. Then the stalk of F at p is the face of P, generated by
x, which is the monoid generated by z, y, and —y. Thus ﬁ’p/ﬁ’* = N, with

generator the class of z. At the closed point m := P*, Fy is the free monoid
generated by z. Thus the map Fyn — Fp / 155‘ identifies with N — 2~ N, and

so (2.3.2) shows that F' is not coherent. Other examples can be constructed
from the nonsimplicial monoid given by x,y, z, w with x +y = w + 2.

Lemma 2.5.5 Let M be an integral sheaf of monoids on X and let 8: G —
M be a morphism from a constant monoid to M. Let G denote the sheaf
associated to the presheaf which to every object U of X assigns the face of
M (U) generated by the image of G — M(U). Then G is a sheaf of faces of
M, and for every quasi-compact object U of X, G(U) is the face of M(U)
generated by the image of G — M (U).

Proof:  For each point z of X, the stalk of G at z is the face of M, generated
by the image of G' — M,. If m; and my are elements of M (U) with m; and
me € G(U), then my + my € G(U) if and only if each m; € G(U) (check
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the stalks), so that G is a sheaf of faces of M. If U is quasi-compact and
m € G(U), then there exists a finite cover (U; : i € I) such that each mj,
belongs to the face of M(U;) generated by the image of 6;: G — M(U;), and
hence there exist g; € G and m; € M(U;) such that 6;(¢g;) = m; + my, -
Let g := > g;, and for each 7 let m; := m; + 32, 0i(g9;) € M(U;). Then
0:(g) = m;+my, for all i. Let m’ := 0y;(g) —m € M (U). Then mTUi =m,
for all 4, so m’ € M(U). Since 0y(g9) = m’ +m on U, this shows that m
belongs to the face of M (U) generated by the image of G. O

Here is an analog of Theorem (2.5.2) for faces; the proof is so similar that
we omit it.

Theorem 2.5.6 Let M be a fine sheaf of monoids on a locally noetherian
sober topological space X and let ' be a sheaf of faces in M. Then the
following are equivalent
1. F' is relatively coherent.
2. F is locally generated (as a sheaf of faces) by a finite set of sections.
3. Whenever z and & are points of X with x € £, the image of
coSpg et Fy — Fp
generates Fy as a face in Fy.
4. For every v € X and every fine chart 3: P — M in neighborhood U
of x, G = F in some neighborhood U’ of x, where G := 3;'(F}). In
particular, a relatively coherent sheaf of faces satisfies conditions (1)

and (2) of Theorem 2.3.2.

]

Corollary 2.5.7 Let F' be a face of a fine sharp monoid P and let X := Ap
over R, where R is a nonzero ring. Then the relatively coherent sheaf of faces

F in Mx generated by F' is coherent if and only if F' is a direct summand of
P.
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Proof: By Theorems 2.3.2 and 2.5.6, F is coherent if and only for each
specialization pair xz, §, the map cosp, ¢ identifies F¢ with the quotient of F,
by a face. For each z € X, let GG, denote the face of P consisting of those
elements which map to a unit in M,. Then M, = P/G, and F, is the face
of M, generated by F' — P/G,. Since R is nonzero, the map X — Spec P
is surjective, and in fact there exists a point z of X such that for every G of
P, there exists a generization { of  with G¢ = G, in particular G, = P*. If
F is coherent, it follows that the image of F' in P/G is a face of P/G face
for every G. Then Proposition 2.4.2 implies that F' is a direct summand of
P. Conversely, if F'is a direct summand, then (2.4.2) implies that F + G
is a face of Py for every (G, and hence that F' defines a chart for F. ]

2.6 Relatively coherent log structures

If F is a sheaf of faces in a sheaf of monoids M, then F* = M?*, and if
M — Oy is a log structure, so is the composition 7 — M — Ox.

Definition 2.6.1 Let X be a log scheme and let F C Mx be a sheaf of
faces. Then X (F) is the log scheme whose underlying scheme is X and with
log structure the composed map F — Mx — Ox.

Note that the canonical map X — X factors uniquely: X — X(F) — X.
The morphism X — X (F) is an epimorphism in the category of log schemes,
since the underlying map of schemes is an isomorphism and the map of
sheaves of monoids F — My is injective. If G is another sheaf of faces of
My and if F C G, there is a corresponding commutative diagram:

Remark 2.6.2 If I’ and G are relatively coherent and My is fine, the hori-
zontal maps in the diagram above are affine open immersions. This statement
may be verified étale locally on X, so by (2.5.6) we may assume that there
exists a fine chart 3: P — My for X with a face F' C P which generates F.
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Since P is fine, there exists an f € F with (f) = F. Then for each geometric
point T of X lying over a point x of X, F% is the face of Mz generated by
the image fz in Mz. Hence x belongs to X (F)* if and only if fz € Mz, i.e.,
if and only if ax(fz) € O%z. Thus X(F)* is the special affine open subset
of X defined by the invertibility of ax(5(f)).

The following result illustrates an important example in which relatively
coherent log structures arise naturally.

Theorem 2.6.3 Let P be a toric monoid and let X := Spec(ep: P — R|[P]),
where R is an integral domain. Let F be a face of P, F := G, U := X*(F),
and let gy x: j°9(O5) — Ox be the direct image log structure (1.2.7). Then
the natural map F — T'(X,Ox) induces an isomorphism v: F — j9(O5).
In particular j'9(O3;) C My is relatively coherent.

Taking the special case when F' = P, we find the following theorem of
Kato [13, 11.6].

Corollary 2.6.4 With the notation of (2.6.3), there is a natural isomor-
phism: j°8(0%) = Mx.

Proof of (2.6.3) Choose a generator h for F' as a face of P. Then X*(F) is
the special affine open subset of X corresponding to h. If f is any element
of F, f maps to a unit in k[P];,, and consequently ep(f) € T'(X, j9(Oy)).
Since j°9(0y;) C Ox is a sheaf of faces in the multiplicative monoid Oy, ep
induces a morphism of sheaves of monoids y: F — j%°9(03;). The morphism
7 is sharp and j%9(0O3;) is integral, so by (I,4.1.2), it will suffice to prove
that % is an isomorphism. Since P is torsion free, X is integral, and hence
by (1.2.7) j9(0})/O% =2 Ly Div"t, where Y := X \ U. Thus the theorem
follows from (I, 3.3.9). O

Let P be a fine monoid and let X := Ap be the log scheme Spec(P —
R[P]). If F is a face of P, let F C Mx denote the relatively coherent sheaf
of faces by F'. The coherent log scheme

Ap(F) := Spec(F — R[P])

has the same underlying scheme as Ap and Ap(F). The sheaf of monoids
defining the log structure of Ap(F') is coherent and is contained in F; it
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generates the latter as a sheaf of faces of Mx. Thus there are morphisms of
log schemes:
Ap — AP(f) - AP(F) — Ap;

the arrow Ap(F) — Ap(F') is not an isomorphism in general.

Recall from (1.1.9) that for any log scheme T, the set of morphisms of log
schemes T' — P can be identified with the set of morphisms P — T'(T, Mr),
and hence has a natural monoid structure. Thus Ap becomes a monoid object
in the category of log schemes over R; the multiplication map p: Ap x Ap —
Ap is just the map induced by the diagonal morphism P — P & P. It is not
easy to describe the functor of log points of the log scheme Ap(F) in general,
but let us observe that Ap(F) is also a monoid object.

Proposition 2.6.5 For any face F' of a fine monoid P, there is a unique
monoid structure on the log scheme Ap(F) compatible with the monoid struc-
ture on the log scheme Ap.

Proof: The proposition asserts the unique existence of the bottom arrow
making the following diagram commute:

Ap X Ap Ap

Ao (F) X Ap(F) — Bo(F).

Lemma 2.6.6 Let P, and P, be fine monoids, with respective faces Fy and

E5. Then F .= F) ® F, is a face of P := P, & P, and the evident map
Ap(F) = Ap,(F1) X Ap,(F2)

is an isomorphism.

Proof: Let G be a face of P, and let G; := GN P;. Then G = G; @ Gs. It

follows easily from this that the face of Py generated by F' is the sum of the
faces of P; generated by Fj, and the lemma follows. ]
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It follows from Lemma 2.6.6 that the map on the left is an epimorphism,
and this gives the uniqueness. The lemma also implies that the morphism of
sheaves of monoids on Ap X Ap

WM — priM @ priM

maps 1 F to priF @ priF; this gives the existence of the arrow. Finally, we
should observe that the identity section factors through Ap and in particular
through Ap(F). O

Let P be a fine monoid, let F' be a face of P, and let p be the complement
of F. The morphism of monoids F' — P induces morphisms of prelog rings

(F' — R[F]) — (F — R[P]) — P — R[P])
and hence also morphisms of log schemes
Ap — Ap(F) — Ap(F) — Af.
In particular, we have a morphism of log schemes

rr:Ap(F) — Af.

Lemma 2.6.7 The map Ap(F) — Ap(F) is strict at each point of the closed
log subscheme Y C Ap(F) define by p. There is a unique strict closed
immersion

ir: A — Ap(F)

such that rp oip = ida,.

Proof: A point y of Y is a prime ideal of R[P] containing R[p|. Thus every
element of p maps to zero in k(y), so the set G of elements of P which map to
a unit in k(y) is contained in F'. It follows that the face of P, := Py generated
by F'is just Fz. This shows that the map is strict. Recall from the discussion
preceeding (3.2.1) that the map R[F] — R[P]/R][p] is an isomorphism of R-
algebras, and hence induces an isomorphism of log schemes

Spec(F — R[P]/Rlp]) — Spec(F — R[F]),

i.e., an isomorphism of log schemes Y — Ag. We define ir to be the inverse
of this isomorphism followed by the strict closed immersion Y — Ap(F). O
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Proposition 2.6.8 With the notation and hypotheses above, The composite
i:=irporp Ap(F) — Ap(F)
is homotopic to the identity, with A, := Ax as a base for the homotopy.

Proof: We follow the method of proof of (3.2.1). Let h: P — N be a ho-
momorphism such that h~!(0) = F, and consider the commutative diagram

h

P N

R[P] R[N]

Let x be a point of AN at which the log structure is not trivial. Then the
set G, of elements of N which map to units of k(x) must be a proper face
of N, and hence G, = {0}. Let y € Ap be the image of z under the map
Ay and let G, be the set of elements of P which map to units in k(y). The
diagram shows that G, C h='(0) = F. As we saw above, this implies that
F' is a chart for the stalk of F at y. Since h(F) = 0, this implies that the
composite Ay — Ap — Ap(F) factors through a map t: Ay — Ap(F). Let

[:Ap(F) x Ay — Ap(F)

be the composition of id x ¢ with the multiplication map of the monoid log
scheme Ap(F). Since t takes the identity section of A, to the identity section
of Ap(F), fol(id x 1a,,) = id. We already saw in the proof of (3.2.1) that
fo(id x 0a,) is i on the underlying schemes. Since the map axr): F — Ox
is injective, this implies that the same equality holds in the category of log
schemes. [

Remark 2.6.9 Note that since ip: Ap — Ap(F) is strict, there is a Cartesian
diagram

Ar

Ap(F)

Ar

Ap(F)
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in which the vertical maps are open immersions. Note also that Ap(F) = Ap_.
We should also remark that the homotopies preserve the open subsets Af and
AL (F), by functoriality.

2.7 Idealized log schemes

It is sometimes convenient to add an ideal to the data of a log structure. To
avoid overburdening the exposition, we shall limit ourselves to explaining the
main definitions and concepts.

Definition 2.7.1 An idealized log scheme is a log scheme (X, ax) endowed
with a sheaf of ideals Kx C M such that ax (k) = 0 for all local sections k of
Kx. A morphism of idealized log schemes is a morphism which is compatible
with ideals.

The functor which endows a log scheme X with the empty sheaf of ideals
defines a fully faithful functor from the category of log schemes to the cate-
gory of idealized log schemes. This functor is left adjoint to the functor from
idealized log schemes to log schemes which forgets the ideal.

Let K be an ideal of a monoid P and let Z[P, K| be the quotient of the
monoid algebra Z[P] by the ideal generated by the image of K. The map
P — Z[P, K| sends the elements of K to zero. We denote by Ap k the ideal-
ized log scheme whose underlying scheme is Spec Z[P, K|, with log structure
associated to the prelog structure coming from the map P — Z[P, K], and
with the sheaf of ideas Ka, x in Mp generated by the image of K. If T"is any
idealized log scheme, then we can argue as in (1.1.5) to see that the set of
morphisms 7" — Ap k can be identified with the set of morphisms of monoids
P — I'(T, My) sending K to I'(T, Kr).

direct and inverse images, fibered products, strict maps, exact maps.

If (X, Mx) is a log scheme, a~1(0) defines a sheaf of ideals in My, and it
is often convenient to specify a distinguished subsheaf of ideals.

In general, if K is an ideal in a monoid @), then the equivalence relation on
2 which collapses the elements of K to a single point defines a congruence
relation on @), and the class of K in the quotient monoid acts as a “zero
element.” If K is nonempty this quotient monoid is not integral so we do not
find it convenient to work with directly. Instead we consider the category
Imon of idealized monoids. This is just the category of pairs (@, J), where Q)
is a monoid and J is an ideal of @); morphisms (@, J) — (P, I) are morphisms
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Q) — P sending J to I. The functor Imon — Mon taking (@, J) to @ has
a left adjoint, taking a monoid P to (P,(), and we can view Mon as a full
subcategory of Imon. Furthermore we have a functor from the category of
commutative rings to the category Imon, taking a ring A to its multiplicative
monoid together with the zero ideal.

If T is an ideal of a monoid @, then the ideal of R[Q] generated by
e(I) is free with basis e, and we denote it by R[I]. Thus the quotient
R[Q]/R[I] is a free R-module with basis @ \ I. For any R-algebra A,
Homimon((@, 1), (A,0)) = Hompg(R[Q]/R[I], A), so that the functor (Q, I) —
R[Q]/R[I] is left adjoint to the functor A — (A,0).

Inductive and projective limits exist in the category of idealized monoids,
and are compatible with the forgetful functor Imon — Mon. For example,
if u;: (P, I) — (Qy, J;) is a pair of morphisms and v;: Q; — @ is the pushout of
the underlying monoid morphisms, then v;: (Q;, J;) — (@, J) is the pushout,
where J is the ideal of () generated by the images of J;.

A morphism 6:(Q,J) — (P,1) is ideally strict if I is generated by the
image of J, and is strict if in addition its underlying morphism is strict. Note
that @ is ideally strict if and only if 6 is. We say that 6 is ideally exact if
J = 071, and that it is ezact if in addition its underlying morphism is exact.
Note that if the underlying morphism of  is strict, then @ is bijective, and
hence 6 is ideally strict if and only if it is ideally exact.

Definition 2.7.2 An idealized log scheme is a log scheme (X, M) equipped
with a sheaf of ideals Kx C Mx such that Kx C ax'(0). A morphism of
idealized log schemes f: X — Y is a morphism of log schemes such that f’
maps f 1Ky into Kx.

If X is a fine log scheme, the inverse image in My of the zero ideal of
Ox need not be coherent. For example, let X := Spec(N — k[X,Y]/(XY)),
where n is sent to 2. Then the stalk of ay'(0) at the origin is empty, but
the stalk at a point on the y-axis is not. Hence ay'(0) is not coherent, by
(2.5.2). On the other hand, the following analog of (2.6.3) shows that a'(0)
is sometimes coherent.

Proposition 2.7.3 Suppose that K is an ideal in a fine monoid P, R is a
ring, and X = Apx Then K = ay'(0) C My, and in particular a'(0) is
coherent.
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Proof: 1If z is a point of X, let 3, be the map P — Ox,, and let F, :=
3. 1(O%.,)- Recall that F is a face of P and that M, identifies with P/F,,
where P/F), is the quotient of P by the equivalence relation p; = p, if and
only if there exist fi, fo € F, such that p; + fi = ps + fo. Evidently K maps
injectively to ax'(0); to prove that the map is an isomorphism, suppose that
m € Mx, and ax,(m) = 0. Since P — Mx, is surjective, there exists a
p € P mapping to m, and it will suffice to prove that p = k mod F for some
k € K. Let my C R[P] be the prime ideal corresponding to the point x.
Then Ox,, is the localization of R[P]/R[K] at m,, and since e(p) maps to
zero in Oy, there exists an f € A[P]\ m, such that fe(p) € R[K]. Write
f = Y ase(q); then since f(z) # 0, there exists some ¢ € F, such that
a, # 0. Since fe(p) € R|K], ¢+ p € K, and it follows that p € K,. ]

3 Betti realizations of log schemes over C

3.1 C" and X(C,,,)

In this section we explain the Betti realization of a log scheme X of finite type
over the field C of complex numbers. This construction, due to Kato and
Nakayama [14], associates to X a topological space Xj,, which gives a good
geoemtric picture of the log structure of X. In particular, the topology of X,
explains why the factorization X* — Xj,, — X serves as a compactification
of the open immersion X* — X.

Let RZ denote the set of nonnegative real numbers, endowed with the
monoid structure given by multiplication. (This monoid is neither finitely
generated, integral, or even quasi-integral.) Let S! denote the set of all
complex numbers of absolute value 1, also with the monoid structure given
by multiplication. Consider the prelog ring:

Ciog = :R= xS" - C (r,¢) — r(.
Then p~*(C*) = R™ x S!, and the map
R*xS'—C* () —1rC
is an isomorphism, with inverse

C'—R" xS 2 (|z] arg(2)),
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where arg(z) := z|z|7! if 2 € C*. Thus the prelog structure y is in fact a log
structure. Note also that

pw1(0) = {0} x S,
the maximal ideal of RZY x S!.

Definition 3.1.1 If X is a log scheme over C, X(C,,,) denotes the set of
C-morphisms Spec(Cy,y) — X, and

7 X (Ciug) — X(C)

is the map taking a morphism x to the underlying morphism of schemes x.
Thus, a point = of X (C,,) mapping to a point z of X (C) is a commutative

diagram

:L‘b
My, —— R x S!

ax i (I1.3)

2t

Oxa C

Here we have identified the C-valued point x with the corresponding closed
point of the scheme X. In the future, we will allow ourselves to write Mx .,
in place of My, if no confusion seems to result. The morphism z” above can
be viewed as a pair:

2" = (pg, 04) € Hom(My ) x Hom(My , S*).

Proposition 3.1.2 Let X be a quasi-integral log scheme over C, and let
A O;( — MX&
denote the map such that ax o \ is the inclusion Oy — Ox.

1. The set X(Cyoq) can be identified with the set of pairs (x,0,), where
z € X(C) and 0,: MY, — S' is a homomorphism such that for every
u € Ok, -
o (A(u)) = arg (u(z)).
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2. The map 7x: X (Cyoy) — X(C) is surjective, and the fiber over a point
x is naturally a torsor under the group

Sxg = Hom(ﬁ??&, Sh.

The action of this group on the fiber is given, via the identification in
(1), by the natural action of the subgroup Sx, € Hom(M% , Sh):

(ho)(m) := o(m)h(m) for h € Hom(ﬂ‘g&sl), o € Hom(M%,,S").

Proof: Let x be an element of X(Cj,,). The diagram (I.3) can be ex-
panded:

arg

C* St
h
pra
A 25 O
O - My, (P2,02) p> o g1
pr
ax 1%
Ox. . . é abs e

This diagram shows that p, = absox*oay, and hence is determined entirely
by z. Thus z is determined by z and o,. The diagram also show that if
u € O, u(z) = ox(Au))|u(z)|. Conversely, if o: M, — S' satisfies co\ =
rfoarg as in (2), we can let p := absozfoay. Then then we get a commutative
square as in the diagram above, hence a morphism x: Spec(Cjog) — X. This
proves (1).

Since My is quasi-integral, the sequence

% gp i
1-0x, > My, — Mx,—0
is exact, and since S! is divisible, this yields an exact sequence

0 — Hom(M¥%,,S") — Hom(M¥,,S"') — Hom(O%,,S") — 0.
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We have just seen that an element o € Hom (M3’ ., S!), corresponds to a
point z of X, lying over z if and only if its image o o A in Hom(O% ,,S")
is 2f o arg. The exact sequence shows that the set of all such ¢ is a torsor
under the kernel, with the action as described. In particular, the surjectivity
of the map 7y follows from the right exactness of the above sequence. O

Let X be a log scheme over C and let m be a global section of M. Define

p(m): X(Clog) - RZ T pm(mx)
o(m): X(Cry) — S':a 0.(my)

Note that for any x € X(Cy,y) and m € Mx(X),

(o(m)p(m))(x) = a(m)(rx(z)).

Remark 3.1.3 If P is a monoid, the set Hom(P,S') = Hom(P%,S') en-
dowed with the product (pointwise) topology and the pointwise product law
becomes a compact topological group. Since S! is a divisible group, an exact
sequence of abelian groups 0 — G’ — G — G” — 0 yields an exact sequence

0 — Hom(G”,S') — Hom(G, S*) — Hom(G’,S') — 0.

These maps are continuous, and since the groups are compact, the topologies
on the extremes are induced by the topology in the middle. For example,
if G is a finitely generated abelian group, Gy, is its torsion subgroup and
Gy := G/Gi,r, there is a canonical exact sequenced

0 — Hom(G,S') — Hom(G, S') — Hom(Gy,,, S') — 0

Here Hom(G, S') is isomorphic to a compact torus (a product of copies of
S!), and is the connected component of Hom(G, S') containing the identity.
The finite quotient Hom(Gy,,, S') of (G, S!) is its group of connected com-
ponents. In particular, if Mx is a fine sheaf of monoids, then Sy, is a torus
whose dimension is the dimension of the monoid M x , and it is connected
if and only if MX@ is torison free.
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3.2 X, and X,

Let X be a scheme of finite type over C. The set X (C) of C-valued points
is classically endowed with the topology induced from the classical (strong)
topology on C. This is the weakest topology with the property that for
every Zariski open subset U of X and every section f of Ox(U), the function
U(C) — C given by f is continuous. We should remark that one gets
the same result if one uses étale open sets U — X instead of Zariski open
sets. This follows from the implicit function theorem in complex analysis,
which says that if U — X is étale, then every point of U(C) has a strong
neighborhood basis of open sets V' such that the restriction V' — X (C) is an
open embedding. If U is affine and (f1,. .., f,) is a finite set of generators for
Ox(U) over C, the topology on U(C) is also the weakest topology such that
each f; is continuous, and it is the topology induced from C" via the closed
immersion U(C) — C" given by (fi,... f.). We denote by X, or X the
topological space X (C) with this topology.

When P is a fine monoid and X = Ap, the topology on X (C) has a useful
explicit description, which follows immediately from the previous discussion.

Proposition 3.2.1 Let P be a fine monoid, let X := Ap, and let xy: P — C
be an element of X,,.

1. Let S be a finite set of generators for P, and for each § > 0, let
Us :={x € Xun : |x(s) —x0(s)| < 0 for all s € S.}
Then the set of all such Us forms a neighborhood basis for xy in X,.

2. In particular, if P is sharp and S is the set of irreducible elements of
P, then the set of all

Us :={z:|x(s)| <6 for all z € S}

forms a neighborhood basis for the vertex of X,,.

O
The neighborhood bases described above allow us to give a useful local
version of the deformation retracts associated to a face of P (3.2.1).

Proposition 3.2.2 Let P be a fine monoid, let F' be a face of P, and let x
be a point of Ag, viewed as an element of Ap via the closed embedding ip
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(3.2.1). Then x( has a neighborhood basis of open sets which are stable under
the retraction rp: Ap — Ap as well as a homotopy [0,1] x Ap(C) — Ap(C)
carrying idp, to ip oTp.

Proof: Let S be any finite set of generators for P and for each § > 0 let Us
be the open neighborhood of zy defined in (3.2.1). Recall that if z € Ap(C),
irprp(z) is the map P — C sending p to 0 = zo(p) if p ¢ F and to x(p) if
p € F. Thus iprp(z) € Us if x € Us. Recall that in (3.2.1) we used the
existence of a homomorphism h: P — N with 27!(0) = F to construct a
homotopy f:A,, X Ap — Ap between the identity and ig o rp. Let us verify
that this map induces a map [0, 1] x Us — Us. Indeed, if t € [0, 1] and x € Us,
then y := f(t,z) is the map sending each p € P to t"Px. If p ¢ F, then
zo(p) = 0 and

ly(p) — mo(p)| = [t"Px(p)| < [a(p)| <,

and if p € F,

ly(p) = zo(p)| = [°(p) — z0(p)| = |2(p) — zo(p)| < 4.

]

When X is a log scheme, we can also endow X (C,,,) with a canonical
topology.

Definition 3.2.3 Let X be a log scheme over C. Then Xj,, (or X'9) is
the set X (Cy,y) endowed with the weakest topology such that for every étale
U — X and every section m of Mx(U), the functions

p(m):U(Ciy) — RZ and o(m):U(Cjpy) — S

are continuous.

To make this definition more explicit, let  be a point of X4, let m be
a section of Mx defined in some étale neighbborhood of z, and let U and
V' be neighborhoods of p(m)(z) and o(m)(x) Then the set of all 2’ € X,
such that m is defined at ' and (p(m)(z’),o(m)(z")) € U x V is an open
neighborhood of z in Xj,,, and the family of finite intersections of such sets
forms a neighborhood basis for x in Xj,,.
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Example 3.2.4 It follows from (2.4.4) that if P is a fine monoid, A can
be identified with Hom(P,R>) x Hom(P,S'), and the map A% — A3 with
the map

Hom (P, R%) x Hom(P,S') — Hom(P, C)

induced by multiplication R= x S! — C. Here all the sets are endowed with
the product (weak topology) coming from the standard topologies on R=, S*,
and C. For example, if P = N, Xj,, & R= x S', which can be viewed either
as a half-closed cylinder, the complex plane with an open disc removed. The
map 7 in this case becomes real blowup of the complex plane at the origin:
the fiber over the origin is the set of real rays emanating from the origin.

It is clear from the definition that a morphims of log schemes over C
X — Y induces a continuous map X,y — Yjg. Let us note that the topology
on X, is necessarily Hausdorff. This is a formal consequence of the definition
and the fact that the topolgies of RZ and S* are Hausdorff.

Lemma 3.2.5 If X is a scheme over C with trivial log structure, then the
map Tx: Xjog — Xapn Is @ homeomorphism.

Proof: 1t is clear that 7x is bijective. The topology on X, is the weak
topology defined by the functions abs o u and argou for every section u of
O%. Since u = (abs o u)(argou) and since abs, arg, and p are continuous,
this is the same as the weak topology defined by the sections of O%. The
topology on X,, is the weak topology defined by the sections of Ox. Thus
it is certainly true that the inverse map X,, — X, is continuous. To prove
that 7x is continuous, observe that if f is any local section of Ox, and z
is any point of X, then f + c¢ is invertible in a neighborhood of x for some
constant ¢, and hence continuity of f + ¢ implies the continuity of f. m

Proposition 3.2.6 Let X be a quasi-integral log scheme of finite type over
C.

1. The map 7x: X;og — Xgp, Is continuous, and for each z € X,,, the
action of the topological group Sx . on the fiber 7(z) is continuous.
If M is coherent, the map Tx is proper.
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2. Suppose Mx admits a chart P — Mx. Then X,,, has the topology
induced from the (injective) mapping

X (Ciog) = Xan x Hom(P,S") : .+ (z,0,)

Proof: The canonical map p: X — X can be viewed as a map of log
schemes, where X is given the trivial log structure. By functoriality, p in-
duces a continuous map X,y — X,,,, and by the previous lemma, X,,; can
be identified with X,,. The proves the continuity of 7x.

A morphism 6: P — Mx induces a continuous map

X(Cjpy) — Hom(P9 St).

Since @ is a chart, the map P — M x is surjective, so every local section m
of Mx can locally be written m = u+ 6(p), where u € M% and p € P. Since
o, is fixed on M% ,, 0, is determined uniquely by o, o 6. Thus it follows
from (3.1.2) above that the resulting map in statement (2) is injective. To
complete the proof of (2), we must show that if for every local section f of
Ox and for every p € P, f o1 and o(0(p)) are continuous is some topology
on X (Cjyy), then the same is true of p(m) and o(m) for every local section
m of Mx. Since p(m) = |ax(m)|, p(m) will be continuous, and if m is a
unit of My, a(m) € O% and o(m) = argou is continuous. Since any m is
locally a sum of a unit and an element in the image of 6, o(m) will also be
continuous.

We have now proved (2) and the first part of (1). The properness of
Tx can be checked locally on X with the aid of a chart. It then suffices to
observe that in the commutative diagram

Xipg — Xan x Hom(P% S')

Xan

the top arrow is a closed immersion and the map pry is proper because
Hom (P9, S') is compact. The continuity of the action of Sx, on 7 !(x) is
clear from the definitions. O
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The construction of Xj,, is functorial in X, and the map 7 is natural: if
X — Y is a map of log schemes, we find a commutative diagram

Xlog }/log
TX Ty (114)
Xan Y;m

Furthermore, if X — Y is strict, it is easy to verify that this diagram is
Cartesian. In particular, if P — My is a chart, the map

Xlog - Xan XAPan APlog
is a homeomorphism.

Corollary 3.2.7 Let X be a quasi-integral coherent log scheme. Then the
maps _ _
X}é‘; — Xjpy and X™' — ;é‘;

are homeomorphisms.

Remark 3.2.8 Let f: X — Y be a morphism of integral log schemes such
that f is an isomorphism. Then X,, = Y,, and 7y o f;,, can be identified
with 7y. If X is coherent, Ty is proper, and since Y04 1s Hausdorft, it follows
that fiog is also proper. If in addition f’: f*My — My is injective, the map
frog: X10g — Yiog is surjective, and it follows that 7y is also proper. Finally,
note that if f” is surjective, then fi,, is a closed immersion.

Let R(1) denote the set of purely imaginary complex numbers z and
let Z(1) € R(1) the subroup generated by 2mi. The exponential mapping
z — exp z := e* defines an exact sequence

0— Z(1) — R(1) - S' =0,

and the map R(1) — S!is a universal covering of S!. Thus the automorphism
group of R(1) over S! can be viewed as the fundamental group of S! and is
canonically isomorphic to Z(1), via the action of Z(1) on R(1) by translation.
(Since the fundamental group is abelian, the choice of a base point is not
relevant.)
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Proposition 3.2.9 Let X be a fine saturated log scheme over C and let x
be a point of Xj,,. The isomorphism Sx, — 7 '(z) defined by the point x
and the action (3.1.2) induces a canonical isomorphism:

m(r ), x) & Hom(ﬁgg, Z(1)).

This fundamental group is called the logarithmic inertia group of X at x.

Proof: Since X is fine and saturated, Mﬁﬁi is a finitely generated free
abelian group, so the sequence of abelian groups:

0— Hom(ﬂ%’@, Z(1)) — Hom(ﬂigg, R(1)) — Hom(ﬂ%’@, S —0

is exact. Thus the vector space Hom(Mggx, R(1)) becomes a universal cov-
ering of Sx ,, with covering group Hom(Mﬁix, Z(1)). The point x induces
a homeomorphism Sy, — 77!(x), and hence the isomorphim on fundamen-
tal groups. In fact this isomorphism is independent of the choice of covering
space and of x € 75" (z), again because the fundamental group is abelian. []

3.3 Asphericity of jj,

Now let X be a fine log scheme over C, so that X* is an open subset of
X. The restriction of 7x to X* is an isomorphism onto X*. Thus there is
commutative diagram:

jlog

*
Xan

Xlog
X

X(ITL

As we have seen, Tx is proper and surjective. We shall see later in (??) that
if X/C is “log smooth,” the map j;,, preserves the topological nature of X,.
At present we content ourselves with the following special case, which will
serve as a model for the log smooth case later.
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Theorem 3.3.1 Let P be a fine monoid and let X := Ap. Then the map
Jiog: Xan — Xiog 1s aspheric. That is, any point of Xj,, has a basis of neigh-
borhoods U such that j;,,(U) is (nonempty and) contractible.

Proof: We have a commutative diagram:

jlog

X:zkn g XlOQ
.
Hom(P, R>) x Hom(P.S") Y'Y Hom(p. R2) x Hom(P.81)

A point = of Xj,, corresponds to a pair (y,s) with y € Hom(P,R>) and
s € Hom(P9 S'). Since s has a neighborhood basis of contractible sets, it
is enough to prove that the map

jy:Hom(P,R>°) — Hom(P, R~)

is aspheric.

Let Yp := Hom(P,R=) and let Y} := Hom(P,R>?). An element p of P
defines a function p: Yp — RZ, and Yp has the weak topology defined by the
set of such functions, where p ranges over any S set of generators S for P.
Let us make this explicit, assuming for convenience that S is finite. Choose
some Yo € Yp, and for each s in S, choose real numbers a(s) and b(s) with

a(s) < yo(s) < b(s). Then
Y(a,b) :={y: P — R~ : a(s) < y(s) < b(s) for all s € S}

is an open neighborhood of yy in Yp, and the family of all such Y'(a, b) forms
a basis for the family of neighborhoods of y,. Thus it will suffice to show
that each Y*(a,b) := Y (a,b) NY} is nonemepty and contractible.

The logarithm map log R>" — R is an order preserving topological iso-
morphism of groups, and it induces an isomorphism of topological groups

Y} := Hom(P, R>°) —+ Hom(P* R).

Under this identification, Y3 becomes a finite dimensional real vector space V/
with its standard topology, which is the weak topology induced by evaluation
es at elements of S. If s € S and y € Yy, then

es(U(y)) = L(y)(s) = log(y(p))
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Thus ¢ takes the set Y*(a,b) isomorphically to
V(a,b) :={v eV :loga(s) < es(v) < logh(s),Vs € S}.

For any linear function ¢:V — R and any r € R, {v € V : ¢(v) < r} is
a convex subset of V. This remark applies to each e, and each —e,, and it
follows that V' (a,b) is an intersection of convex sets. Then V(a,b) is also
convex, hence contractible.

[t remains to prove that Y*(a, b) is not empty, assuming again that Y (a, b)
is a neighborhood of yy € Y. Let F:= {p € P : y(p) > 0}, and let p := P\ F.
The sequence

1 — Hom(P% /F% R") — Hom(P%,R") — Hom(F% R") — 1

is exact, and so there exists an element y* of Hom(P% R™) such that
v (f) = yo(f) for all f € F. Since F is a face of P, by (2.2.4) there ex-
ists a homomorphism h: P — N such that h71(0) = F. For each r € R*
with r < 1, let y, :== y*r" € Y. Then if p € P,

y(p) = y*(p)r° = yo(p) ifpeF

y ()" <y(p)r ifpep.
In particular, we can choose r small enough so that y,.(s) < b(s) for all
s € SNp. Since yo(s) = 0 for such s, and since y,.(s) = yo(s) if s € S\ P, it
follows that vy, € Y*(a,b), as required. O

Theorem ?7? is also true for relatively coherent log structures.

Proposition 3.3.2 Let P be a fine monoid, let F' be a face of P, and let F
denote the relatively coherent sheaf of faces of Ap generated by F'.

1. The map
i’ A — AZE(F)

induced by ip (3.2.2) is a strong deformation retract. Moreover the
standard neighborhood basis of each point of the image of ilﬁg is stable

under the homotopy 29 o %% ~ id.

2. The map jj,,: Ap, — ASE(F) is aspheric.

I said this was
“clear” in class,
but the proof isn’t
so trivial.



164 CHAPTER II. LOG STRUCTURES AND CHARTS

Proof:  As in the proof of (3.2.2), let h: P — N be a homomorphism such
that h~*(0) = F. Then the monoid structures on Ap and Ap(F) and the
morphism Ay, induce by functoriality the following diagram:

log log log
AE x AlS Al

ARE x ASE(F) —~ ARE(F)

The top arrow is the map

(r,¢) x (p; ) = (r"p,¢"0).

Its restriction along the path [0, 1] — A'lﬁ}g given by taking r € [0,1] and ¢ = 1
gives a map [0, 1] x A',-fg — A',i’g. Suppose that yo is a point of A'F?g(}") in the
image of i'2Y and (py, o) is a point of AS® which maps to yo. Then po(p) = 0
for all p € p. If S is a finite set of generators for P and ¢ > 0, then

Ve:=A{(p,0) : |p(s) = po(s)] < € |o(s) = ao(s)] <€

is a typical open neighborhood of (pg,0¢) in A',fg. The homotopy takes a
point (p,o) in V; to (r"p, o). Since h(p) = 0 for p € F, this point still lies in
V. if r € [0,1]. The image V. of V, is a typical open neighborhood of y, in
AFg(}" ), and is also stable under the homotopy, as is its intersection V., with
AF?Fg. Thus the pair (Ve,V:) is homotopy equivalent to its intersection with
A',?g The proof of Theorem shows that V. N A is contractible, and hence so
is V7, O

3.4 0% and O

So far we have discussed only the toplogical space X, associated to a scheme
of finite type over C. To truly pass into the realm of analytic geoemtry, we
need to introduce the sheaf O%" of analytic functions on X,,,. We refer to [10,
Appendix B] for precise definitions. Let us note here the following explicit
description for the ring of germs of analytic functions at the vertex of a
monoid scheme over C.
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Proposition 3.4.1 Let P be a fine sharp monoid, let o € Ap(C) denote
the point sending P to 0. If h is an element of the interior of H(P), i.e.,
a local homomorphism P — N, then a formal power series a := >, a,e?
converges in some neighborhood of x if and only if the set

Proof: We let T be the set of irreducible elements of P, and use the notation
of (3.2.1). Suppose that o = 3°, a,e?, and that b € R is an upper bound for

the set of all % with p € PT. Choose € > 0, let \; := —(b + €)h(t) for

each t € T, and choose a positive number § such that § < e* for all t. Then
Us is an open neighborhood of s in Ap(C), and if = € Us, log [x(t)| < A; for
all t € T. Any p € P can be written p = > nst. Hence for any x € Us,

is bounded above.

log la,z(p)| = log|z(p)| + log|ayl
log |z(p)| + bh(p)
Z (n¢log |z(t)| + bnyh(t))

t

> ny (A + bh(1))
;nt(—eh@))

< —eh(p)

IA A

IN

IA

Thus |a,x(p)| < 7"P), where r := e < 1. By (2.2.8), {p : h(p) = i} has
cardinality less than C'i™ for some C' and m, so the set of partial sums of the
series 3, |a,z(p)| is bounded by the set of partial sums of the series 3-; Ci"r".
Since this latter series converges, so does the former.

Suppose on the other hand that « := 3" aye? and {h(p)*logla,| : p €
P*} is unbounded. For ¢ € R* | define z.: P — C by z.(p) := ¢ "®).
Then z. € Ap(C), and if § > 0 and ¢ is chosen large enough so that logc >
(h(t))~Y(—logd) for all t € T, then z. € Us. For every such c, there are
infinitely many p € P+ such that |a,| > (c + 1)"®. For such a p,

lapz(p)] > (1+ )" PP = (14 1/e)*? > 1,

so the series Y, a,x(p) cannot converge. O
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The space Xjo, is in a natural way the domain of functions which cor-
respond to logarithms of the sections of M¥,. (These functions would be

multi-valued on X,,.) In general, if f is a section of O%" on some open set

U, then expof is a section of OF¢**, and we have an exact seqeunce of sheaves

of abelian sheaves:
0—7Z(1) - OF — OF" — 0.

If Y and Z are topological spaces, let us write Zy for the sheaf which
to every open set V of Y assigns the set of continuous functions V. — Z.
(We sometimes omit the subscript if no confusion seems likely to result, and
indeed we have already used this notation several times.) For any Y, there
is an exact sequence of abelian sheaves:

exp

0 — Z(1)y — R(1)y — Sy —— 0.

Definition 3.4.2 Let X be a log scheme over C, and let
o7y (ME,) — Sk,
be the map sending a section m of M$ to o(m) € Sk.

1. Lx is the fiber product, in the category of abelian sheaves on Xj,4, in
the diagram below:

Lx —— 7' (MY)

exp
R(1>Xlog - _1)(1(,!}

2. e:7x'(Ox) — Lx is the map induced by the maps
Oy —2. R(1) and Moexp:Ox — My,

where Im: Ox — R(1) means “imaginary part,” and \: O% — Mx is
the canonical inclusion.
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3. O is the universal 7' (Ox)-algebra equipped with a map Lx — O'Y
compatible with the map e:7*(Ox) — Lx.

The map in (2) makes sense because for any section f of Ox,
o(Aexp [)) = argexp(f) = exp Im(f).

The algebra Ol)‘;g may be constructed explicitly as the quotient of 73 (Ox)®z
S"Lx by the ideal generated by all the sections of the form e(f) —1f , for f
a local section of 75" (Ox).

Proposition 3.4.3 With the notation above, there is an exact sequence
0 — 75 (Ox) = Lx — M5 — 0.
Let Fil=?O" be the image of the map
S (13" Ox ® L) — O
The the natural map
Gr? Ol)?g — 77 0% ®z MY

is an isomoprhism.

Proof: A diagram chase shows that the sequence
0—>T)}1C’)X—>£X—>M§?—>O

is exact. Here is an alternative construction of 73x'Ox, assuming that X
is saturated. Then M?% is torsion free, and so the sequence remains exact
when tensored over Z with 75'Ox. The pushout of the resulting sequence
via the multiplication map T)}l(’) x Rz T)}l(’) x — T)}l(’) x 1S an exact sequence
of 7' Ox-modules:

0—75'0Ox — Ex — 7' Ox @ M% — 0.
For each n, the map 75'Ox — Ex induces an injective map
S"Ex — S"Ex

where these symmsetric products are computed in the category of 74 Ox-
modules. Then Oﬂgg is the direct limit over this family of maps. Then
F il‘”@l)?g > S"Ex, and the proposition follows easily. ]
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Chapter 111

Morphisms of log schemes

1 Exact morphisms, exactification

Definition 1.0.4 A morphism f: X — Y of integral log schemes is exact
if for every x € X, the map beMyyf(x) — Mx , is an exact morphism of
monoids (77).

Thanks to (?7), we see that f is exact if and only if each map fb: My ) —
M x , is exact, and this is true if and only if each f*My ¢,y — Mx , is exact.

Proposition 1.0.5 The composition of two exact morphisms of log schemes
is exact. The family of exact morphisms is stable under base change in the
category of fine log schemes.

Proposition 1.0.6 If f: X — Y is exact, then the map fMy — Mx is
injective.

2 Integral morphisms

3 Weakly inseparable maps, Frobenius

4 Saturated morphisms

169
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Chapter IV

Differentials and smoothness

1 Derivations and differentials

1.1 Basic definitions

Although log schemes are the focus of our study, it is convenient to define
derivations and differentials for prelog schemes as well.

Definition 1.1.1 Let f: X — Y be a morphism of prelog schemes and let
be a sheaf of Ox-modules. A derivation (or, for emphasis, log derivation) of
X/Y with values in E is a pair (D, ), where D: Ox — E' is a homomorphism
of abelian sheaves and 0: M x — FE is a homomorphism of sheaves of monoids
such that the following conditions are satisfied:

1. For every local section m of Mx, D(ax(m)) = ax(m)d(m).

2. For every local section n of f~'(My), 6(f°(n)) = 0.

3. For any two local sections a and b of Ox, D(ab) = aD(b) + bD(a).
4. For every local section ¢ of f~*(Oy), D(f*(c)) = 0.

We denote by Dery,y (E) the presheaf which to every U — X assigns the
set of derivations of U/Y with values in F,. In fact, since all the presheaves
in the definition above are sheaves, Derx/y (E) is also a sheaf. Furthermore,
if (D1,01) and (D, d2) are sections of Derx/y (E), so is (D14 Dy, 01 +62), and
if a is a section of Ox and (D,d) an element of Derxy(E), then (aD,ad)

171
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also belongs to Derx,y(E). Thus Dery,y(F) has a natural structure of a
sheaf of Ox-modules.

Formation of Dery/y is functorial in £: an Ox-linear map h: £ — E'
induces a homomorphism

Derx/y(h): Derx/y(E) — Derx/y(E') (D,0)— (hoD,hod).

The following proposition explains how Der is also functorial in X/Y".

Proposition 1.1.2 Let

x99 .x
I f
vy

be a commutative diagram of prelog schemes.
1. Composition with ¢* and ¢’ induces a morphism of functors
g+« © DerX’/Y’ — DGTX/Y O«
which for any O'y-module E' is the map
g« Dery/y:(E") — Derx,y (9.(E")): (D', 8") — (D' o gt 8o gb).
2. The functoriality morphism above is an isomorphism in the following

cases:

(a) f': X" — Y’ is the morphism of log schemes associated to the
morphism f of prelog schemes;

(b) the diagram is Cartesian in the category of prelog schemes;

(c) the diagram is Cartesian in the category of log schemes.
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Proof: The verification that composition with ¢* and ¢” takes derivations
to derivations is immediate. To prove (2a), recall from (1.1.5) that the log
structure M§ — Oy associated to the prelog structure My — Ox is ob-
tained from the cocartesian square in the following diagram

ax

ax' (0%) O%

My - MY - Ox

Thus the monoid M$ is generated by the images of My and O%, and it
follows that the map in (1) is injective. Conversely, if (D,d) € Derx,y(E),
define

0: 0% — E: 0(u) :=u *Du.

Then

O(uwv) = u v 'D(w) = u v (uDv 4+ vDu)
= v D) +u'D(u) = d(u) + d(v).

Thus 0 is a homomorphism O% — FE. Furthermore, if m is a section of
oy (O%), then

d(ax(m)) = ax(m) " D(ax(m)) = ax(m)  ax(m)d(m)

= J(m)

Since M® is the pushout in the diagram above and § and 0 agree on a~(O%),
there is a unique 0*: M — E which agrees with  on Mx and with 0 on
O%. It follows from the fact that M$% is generated by Mx and O% that
Dax(m) = ax(m)D(m) for any section of m of M$. Furthermore, since M
is generated by Oj and My, it also follows that ¢* annihilates the image of
f7H(M). Thus (D, 6%) is a section of Der xa vy« (E) which restricts to (D, 9).
This shows that the functoriality map is also surjective and completes the
proof of statement (2a). In case (2b), let p:= ho f' = f o g. Then since the
underlying diagram of schemes is Cartesian, the map

10y @p-10, g7'Ox — Ox
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is an isomorphism. Now if (D,d) is a section of Derx,y(g.E'), D:Ox —
g-E is f71Oy-linear, and by adjunction induces an f~!(Oy)-linear map
Ox: — E’, which satisfies conditions (3) and (4) of Definition 1.1.1. Since
the diagram is Cartesian in the category of prelog schemes, the map

[ My Dp-10y g 'Mx — My,

is also an isomorphism, and the map 0: Mx — FE induces a unique map
My — E which annihilates f~!My-. Tt follows that (D’,d") satisfies condi-
tions (1) and (2) of Definition 1.1.1 as well, and this completes the proof of
(2b). Finally, we observe that (2c) is a consequence of (2a) and (2b), since
the log structure of the fiber product in the category of log schemes is the log
structure associated to prelog structure of the fiber product in the category
of prelog schemes. O]

Proposition 1.1.3 Suppose that f: X — Y is a morphism of log schemes,
E is a sheaf of Ox-modules, and (D, §) is a pair of homomorphisms of sheaves
of monoids satisfying conditions (1) and (2) of Definition 1.1.1. Then D is
uniquely determined by 9, and necessarily satisfies conditions (3) and (4) as
well.

Proof: The following simple lemma has been used before.

Lemma 1.1.4 If X is any scheme, the image of O% — Ox generates Ox
as sheaf of additive monoids. That is, any local section of Ox can locally be
written as a sum of sections of O%. In particular, if X is a log scheme, Ox
is generated, as a sheaf of additive monoids, by the image of ax: Mx — Ox.

Proof: Let a be a local section of Ox and let x be a point of X. If a maps
to a unit in the local ring Ox ,, then a is a unit in some neighborhood of z,
and hence a is locally in the image of O%. If a maps to an element of the
maximal ideal of Ox ,, then a — 1 maps to a unit, and then a =1+ (a — 1)
is locally the sum of two units. O

The lemma evidently implies that D is uniquely determined by o, when
X is a log scheme. If Y is also a log scheme, condition (4) follows from
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condition (2). To check (3), observe that if m and n are sections of My and
a:=ax(m), b:= ax(n), then

D(ab) = D(ax(m)ax(

S

More generally, if a; = ax(m;) and a = a; + ag, then again

D(ab) = D(a1b+asb) = a1 D(b)+bD(ay)+asD(b)+bD(az) = aD(b)+bD(a).

A similar argument with b, together with an application of Lemma 1.1.4,
shows that (2) holds for any sections a and b of Ox. O

Corollary 1.1.5 Let f: X — Y be a morphism of schemes with trivial log
structure and let E be a sheaf of Ox-modules. Then Derx,y(E) can be
identified with the usual sheaf of derivations of X /Y with values in E, i.e.,
with the sheaf of homomorphisms of abelian groups D: Ox — FE satisfying
conditions (3) and (4) of Definition 1.1.1.

Proof: Let X, be X with the prelog structure 0 — Ox and let Yy be
defined analogously. The morphism f defines a morphism of prelog schemes
fo: Xo — Yy. It is clear from the definition that Derx, v, (E) = Dery y (E).
Proposition 1.1.2 implies that Derx,y (E) = Derx, y,, and this completes the
proof. [

Proposition 1.1.6 Let f: X — Y be a morphism of log schemes. Then the
functor E +— Dery,y(F) is representable by a universal object

d d dlo
Ox 2 Ly, My~ 0L, (or My 29, Q}(/Y>

Here
Qx )y = (Ox @ MY) /(R + Ry),
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where Ry and Ry are described below, and
d: Mx —>Q§(/Y : m—1®m (mod Ry + Ry).
Here R, is the image of the map
Ox ® fT'MP — Ox @ M¥
and Ry C Ox ® M$ is the subsheaf of sections locally of the form

> ax(mg) @m; =Y ax(m)) @m;j,

where (mq,...my) and (m},...m},) are sequences of local sections of My
such that >; ax(m;) = >; ax(m}).

Proof: Tt is clear that Ry is a sub-Ox-module of Ox ® M$; we claim that
the same is true of Ry. For a sequence m := (my,...my) of sections of My,
let

s(m) = Zax(mi) € Oy

r(m) = > ax(m;)®@m; € Ox @ M¥

Let S be the sheaf of pairs (m, m’) of finite sequences of sections of Mx
such that s(m) = s(m’). Then R; is the subsheaf of sections of Ox @ MY
which are locally of the form r(m) — r(m’) where (m, m’) is a local section
of S. Note that the pair (0,0) € S and r(0) — (0) = 0, so that 0 € R;.
Since (m’,m) € S if (m,m’) € S, it follows that —r € R whenever r € R. If
(mm’) and (n,n’) € S, let p (resp. p’) denote the concatenation of m and
n and (resp. of m’ and n’.). Then (p,p’) € S and

r(p) —r(p’) = r(m) — r(m’) + r(n) — r(n).

Thus R is an abelian subsheaf of Ox @ M$.

It remains to check that R is stable under multiplication by sections a
of Ox, and Lemma 1.1.4 shows that it suffices to check this for a = ax(n),
with n a section of My.
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Let us first observe that S is stable under the action of Mx by translation.
Thus, if m = (m4,...my) is a sequence of sections of Mx and n is a section
let m—+n:=(my+n,...mpg+n). If (mm’) €S,

s(m+n) = Zax(mi—l—n)
= ax(n)ZaX(mi)

= ax(n) ax(m;)
= ) ax(m;+n).

= s(m’+n)
so that (m + n,m’ +n) € S. Next, we compute
r(m+n) = > ax(mi+n)® (mi+n)
= ax(n) Z&X(mi) ® m; + ax(n) ZO&X(mi) ®@n
= aX(n)r(Zm) + ax(n)s(m) @n Z
Hence if (m,m’) € S, (m+n,m’ +n) € S and

rm+n)—r(m' +n) = ax(n)r(m)—ax(n)r(m’)+
ax(n)s(m) @n — ax(n)s(m’) @n

= ax(n)(r(m) - r(m’)).

Thus R; indeed an Ox-submodule of Ox @ M$ as required.

Let d: Mx — Qﬁ(/y be the map described in the statement. As we have
seen, d: Ox — Q% /y 18 unique if it exists. If a is any section of Oy, choose a
sequence m of local sections of My with s(m) = a. Then it follows from the
definition of R, that the image of r(m) in QY is independent of the choice
of m. Let d:Ox — Qx/y be the map of abelian sheaves such that ds(m)
is the class of r(m) for every sequence m. In particular, if m is a section
of Mx and m := (m) then ax(m) = s(m) and so dax(m) is the class of
r(m) = ax(m)®@m. Thus, dax(m) = ax(m)dm, and the pair (d, d) satisfies
(1) and (2), hence also (3) and (4), of Definition 1.1.1.

To check that (d, d) is universal, suppose that E is a sheaf of Ox-modules
and (D,0) € Derx/y(X, E). Since E is a sheaf of abelian groups, ¢ factors
uniquely through M%, and since E is a sheaf of Ox-modules, it factors
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through a unique Ox-linear map 0: Ox ® MY — E. Property (2) of the
definition implies that 6 annihilates Rs. If m is a sequence of sections of
MX7

0(r(m)) = 6(3 ax(m) ®m;)
= > (ax(mi)d(m))

)

= 2 (D(ax(my)
= D(Z aX(mi))

= D(s(m))

Consequently if (m,m’) € S, 6(p(m)) = 0(p(m’)), so 6 factors uniquely
through an Ox-linear map h: Q% A E. This is the unique unique homo-
morphism such that hd(m) = §(m) for every local section m of M. It follows
that hd(a) = D(a) for every local section a of Ox. O

Remark 1.1.7 When using additive notation for My, it seems sensible to
write d for the map My — Qk/y. Then ax: Mx — Ox behaves like an
exponential map, which is consistent with the equation dax(m) = ax(m)dm.
In this case, the canonical injection O% — Mx needs a symbol A, which
should be regarded as a logarithm map, and one has d\(u) = u~'du, as
expected. When the monoid law on My is written multiplicatively and O%
is viewed as a submonoid of My, it is more natural (and more usual) to
write dlog for the universal map Mx — QY since dlog (mn) = dlog (m) +
dlog (n) and since dlog (u) = u™tdu if u € O% C Mx. For example if
J:U — X is an open immersion and ay/x: Mx — Ox is the direct image
of the triviallog structure on X, ax is an injection, and a section m of My
is a function on X whose restriction to U is invertible. The multiplicative
notation is more natural in this case, and for each section m of Mx, ax(m) =
m, so mdlogm = dm, as expected. For example, if the underlying scheme
X is smooth over Y (with trivial log structure) and U is the complement of
a divisor D with normal crossings, we shall see in (3.1.20) that Q7 /y agrees

with the classically considered sheaf of “differentials with log poles along
D’ [4].
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Remark 1.1.8 It is possibly, and perhaps simpler, to give a more familiar
looking construction of Q% Jy» using generators and relations. This is fairly
straightforward, but is sometimes cumbersome in applications. If one is
willing to use the standard construction of Q% sy for schemes, one can also use
the following construction. For any morphism f: X — Y of prelog schemes,

Oy = (Q)y ® Ox @ MY) /R,
where R is the sub Ox-module generated by sections of the form

(dax(m), —ax(m)®m) for me My, (0,10f°(n)) for nec f1(My).

Definition 1.1.9 Let 6 be a morphism of log rings:

(67

P A

0° ot
0o—" .

and let E be an A-module. Then a (log) derivation of (A, P)/(B,Q) with
values in E is a pair (D, 0), where D: A — E is a homomorphism of abelian
groups and 6: P — F is a homomorphism of monoids, such that

1. For every p € P, D(«a(p)) = a(p)d(p).
2. For every ¢ € Q, 6(6°(q)) = 0.
3. For any two elements b and b’ of B, D(bb") = bD(V') + b'D(b).
4. For any b € B, D(6*(b)) = 0.
Lemma 1.1.10 Let f: X — Y be the morphism of log schemes or prelog

schemes corresponding to a morphism 0: (B, Q) — (A, P) of log rings, and
let E be a sheaf of Ox-modules. Then the natural map

Derx/y (E) — Dera,py/,q)(I'(X, E))

is an isomorphism.
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Proof: Thanks to (1.1.2), it suffices to treat the case of prelog schemes. Let
X := Spec A with the prelog structure

a:P— A,

and similarly for Y. It is standard (and straightforward in the case of the
Zariski topology) that any D: A — I'(X, E) satisfying (3) and (4) of (1.1.9)
extends uniquely to a D: Oy — E satisfying (3) and (4) of (1.1.1). If (D, §) is
a log derivation of (A, P)/(B, Q) with values in I'( X, ), then corresponding
to the homomorphism of monoids 6:Q — I'(X, F) is a homomorphism of
sheaves of monoids @ — E, and it follows immediately that (D,?) is the
unique element of Dery,y (E) corresponding to (D, 9). O

The following corollary is an immediate consequence of (1.1.10).

Corollary 1.1.11 Let f: X — Y be a morphism of log schemes which is
given by a morphism of log rings 0 as in (1.1.9). Then Qﬁ(/y is the quasi-
coherent sheaf associated to the A-module obtained by dividing QY pPA®
P9 by the submodule generated by elements of the form (da(p), —a(p) ® p)
for p € P and (0,1 ® 6°(q) for q € Q.

Corollary 1.1.12 If f: X — Y is a morphism of coherent log schemes, Q% ne
is quasi-coherent, and it is of finite type (resp. of finite presentation) if f is
of finite type (resp. of finite presentation).

Proof: This assertion is of a local nature on X, so we may assume that X
and Y are affine, and by (II, 2.2.3), that f admits a coherent chart. Then
f comes from a morphism of log rings, and hence by (1.1.11) Q% /y 18 quasi-
coherent. Since Q% v I8 of finite type (resp. of finite presentation) if f is,
and since P9 /Q% is a finitely generated abelian group, Q% sy is of finite type
(resp. of finite presentation) if f is. O

The following result shows that formation of the sheaf of differentials is
almost unchanged when passing to X or X2t

Proposition 1.1.13 Let f: X — Y be a morphism of coherent (resp. fine)
log schemes, and let X' := X™ and Y’ := Y™ (resp. X® and Y’ := Y*at).
Then the natural maps g: X' — X and h:Y' — Y induce isomorphisms:

g Uy — Uoyy  and Qo y — Vyoyre
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Proof:  This assertion is of a local nature on X, so we may by (2.2.3) assume
that X and Y are affine and that there exists a chart for f subordinate to a
morphism of finitely generated monoids. Then f is induced by a morphism
0: (B,Q) — (A, P) of log rings. Let P’ := P™ (resp. P*) and let A’ :=
A®zp|Z[P'], so that X" = Spec(P" — A’) (2.4.5), and analogously for Y and
Y. Since in all cases the maps P% to P9 and ) — Q9 are isomorphisms,
it will suffice to prove the following lemma. ]

Lemma 1.1.14 Let 0:(B,Q) — (A, P) be a homomorphism of log rings,
and let 0”: Q' — P’ be an extension of #° such that the corresponding group

homomorphisms Q% — Q"% and P% — P9 are isomorphisms. Let A’ :=
A ®zip) Z[P'] and B' := B ®zq) Z|Q']. Then the natural maps

/ 1 1 1 1
A @V pyyo) = Qarysae and Qe = Qe s.e)

are isomorphisms.

Proof: To prove that the second arrow is an isomorphism, we must prove
that for any A’-module E’, the natural map

Der(arpry/(m,q)(E') — Derqar pry s,0) (E)

is an isomorphism. This map is obviously injective. Suppose that (D, d) €
Derar pry/(B,o)(E'). Since Q% — Q' is an isomorphism, ¢ annihilates the
image of )'. It remains only to prove that D also annihilates the image of
B'. For ¢ € Q,

D(#*(e")) = D(a(0’(¢) = a(6*(¢))5(6"(d) = 0.

Since B’ is generated by B and Z[Q'] and D annihilates B, it annihilates all
of B’, and this completes the proof.
For the first arrow, it suffices to prove that for every A’-module E’, the
map
Der(arp) /(8,0 (E") = Dera py o) (E').

The injectivity follows from the fact that A’ is generated by A and Z[P’]
and the fact that P9 — P'% is an isomorphism. Suppose that (D, ) is an
FE’-valued log derivation of (A, P)/(B,Q). Then § factors through a group
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homomorphism P%/Q% — E’ and hence also through an A’-linear homo-
morphism A’ ® P9/Q% — E’. Since P% — P9 is an isomorphism, it also
factors through an A’-linear map

0: A'® (P /Q%) — E'.
Let 7: P" — P9 /()9 be the natural map and for each p’ € P’; let

J(p) =61 er())

Then ¢": PP — E’ is a monoid homomorphism annihilating the image of Q.
Let
B:Z[P]x A— E'

be the unique biadditve mapping such that 8(e?’, a) := o/(p')(ad'(p') + Da).
View Z[P'] as a Z[P]-module via the homomorphism Z[P] — Z[P'] induced
by the map ¢: P — P'. Then if p € P,

ﬁ(epep/,a) — ﬁ(ed’(p)“",a)
= ' (é(p) +p')(ad'(4(p) +p') + Da)
= a(p)/(p)(ad(p) + ad' () + Da)
= () (a(p)ad' () + ac(p)i(p) + a(p) Da)
= d(p)(a(p)ad (p') + aDa(p) + a(p)Da)
= o/(p)(ac(p)d'(p)) + Dl(ac(p)))

— ﬁ(ep’,epa)

Thus the pairing is bilinear over Z[P] and induces a homomorphism of abelian
groups

/
/

)
o

D" A" =7Z[P|@zpm A— E.
Then (D', 0") € Derar pry/(B,0)(E') and is the desired extension of (D, ). O

Remark 1.1.15 Derivations for idealized log schemes are defined in exactly
the same way as in (1.1.1). Thus, if f: X — Y is a morphism of idealized
log schemes, and (D,d) € Dery,y(E), we do not require that d(k) = 0 for
k € Kx, and Q% y = Q%X,@) J(vg)- The reason for this definition will become
apparent from the geometric interpretation of log derivations in (2.2.2).
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1.2 Examples

The sheaf of log differentials has an especially simple description in the case
of monoid algebras.

Proposition 1.2.1 Let f: X — Y be the morphism of log monoid schemes
given by a homomorphism of monoids 6: P — . For p € P, let w(p)
denote the class of p in Cok(69), and let d: Z|P] — Z[P] ® P% /Q% be the
homomorphism of abelian groups sending e? to e’ @ m(p). Then (d, ) is
the universal log derivation of X/Y, and Qﬁ(/y is the quasi-coherent sheaf
associated to Z[P] @ Cok(6).

Proof: By (1.1.10) we can work with derivations on the level of rings and
modules. If p and p" are elements of P,

d(e)e(p))) = d(e”*)
= @ (r(p+1))
= e’ @ (n(p) + 7 (p))
= P’ ® 7(p)) + ePe? @ 7(p)
= ePde? + e de?

It follows that d(aa’) = ad(a’) + a’d(a) for any a,a’ € Z[P]. Since deP? =
e? ® m(p) by definition, and since

4 = SO (0(q) = 0 — w(0(),
(d, ) is a log derivation of (Z[P], P) over (Z]Q], Q). If (D, d) is log derivation

with values in F, then since ¢ annihilates 6, § factors through 7, and since
DeP = eP§(p), D factors through d. O

Corollary 1.2.2 Let G be an abelian group and let X := Spec R|G|. Then
there is a unique isomorphism:

R[G] ®7z G — I'(X, Qﬁf/R)

mapping e? ® g to de? for each g € G.
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Proof:  The previous result shows that this is the case when X is replaced
by the log scheme Spec G — R[G]|. However, since G is a group, the log
structure on this log scheme is trivial, so the log differentials agree with the
usual differentials of the underlying scheme, by (1.1.5).

It seems worthwhile to give an alternative direct proof of the corollary.
Since R|G] is the free R-module with basis e : G — R[G], there is a unique
R-linear map R-linear map

d: R|G] — R|G] ®z G such that e’ +— ¢’ ®g.
Then
d(e9e") = D(e9™) = 9" @ (g4+-h) = " @ g+efe"@h = e"D(g) +e"®d(g).

Thus d is a derivation, and the corollary will be proved if we show that d
is universal. Let D: R[G] — E be any derivation, and define 6: G — E by
d(g) :=e9D(e%). Then

3(g+h) = e 07"D(e™) = e %" ("D(e?) + e D(")) = 3(g) + 5 (h).

Thus ¢ is a homomorphism of abelian groups and induces by adjunction an
R[G]-linear 0: R[G] ® G — E such that (1 ® ¢) = e 9D(e%) for all g. But
then

D(e) = e’6(1® g) = (e © g) = §(d(e™)).

In other words, D = é o d, proving the required universality of d. O]

Corollary 1.2.3 Let 0 — G' — G — G" — 0 be an exact sequence of
abelian groups and let I C R[G] be the kernel of the corresponding homo-
morphism R[G] — R|G"]. Then there is a unique isomorphism

R[GH] Rgz G/ ~ [/[2 such that g/ —s (egl — 1) (mod [2) for all gl S GI.

Proof:- If ¢ € G',thened —1 € I. If also ' € &,

I 1 = 9 1
(&9 —1)(" —1)+ (7 — 1)+ (" — 1)

(e = 1)+ (" —1)+ (mod I?).
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Thus the map G’ — I/I? sending ¢’ to the class of e9 — 1 is a group homo-
morphism. Since I/I? is an R[G]/I = R[G"]-module, this homomorphism
induces by adjunction an R[G"]-linear map as in the statement of the corol-
lary.

On the other hand, we constructed in the Corollary 1.2.2 above a deriva-
tion D: G — R|[G] ® G sending each ¢9 to e? ® g. Consider the composite

I -2+ R[G]®G — RG]/ ® G = R[G"] @ G.

Since the last of these R[G]-modules is annihilated by  and D is a derivation,
it follows that the above map is in fact R[G]-linear, and in particular that it
annihilates I?. Furthermore, the ideal I is generated as an ideal by the set
of all elements of the form 9 — 1 with ¢ € &', and for any such element
D(e9 —1) = ¢ @ ¢'. This shows that the image of the map is contained
in R[G"] ® G', and in fact our map factors through an R[G]-linear map
I/I? — R[G"] ® G'. One sees by checking on generators that this map is
inverse to the map in the statement of the corollary. O

Example 1.2.4 In the category of schemes, the sheaf of differentials Q% Iy
can be identified with the conormal sheaf of the diagonal embedding X —
X Xy X. The logarithmic version of this useful interpretation is not straight-
forward, because in general the diagonal embedding is not strict, and the
notion of the conormal sheaf requires some preparation; see ?7). Let us
explain here how this works when X is the log scheme associated to a
fine monoid P and Y := Spec R (with trivial log structure). The product
X Xy X is just Apgp in the category of log schemes over Y and the diag-
onal mapping Ay: X — X Xy X corresponds to the morphism of monoids
s:P @® P — P sending a pair (p;,p2) to p1 + p2. This map is not strict,
but in this case this difficulty can be remedied in a fairly canonical way.
Let (P @ P)¢ := {(z1,22) € PP & P% : 1 + 29 € P, so that s factors

or morphism of fine
monoids?
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P®P — (P& P)° — P. In fact, there is a commutative diagram

PoP

h
p \
' o~

b
(P®P)— P@ PP

., /
Y

P

V)

The horizontal arrow in the diagram sends a pair (z1,x2) to (z1 + x2, x2),

h sends (p1,p2) to (p1 + p2,p2), and t sends (p,x) to p. The corresponding
diagram in the category of log schemes is the following:

X x X*

t
S/ Y

X — 2 (X x X)°

1%

A g

X x X

Note that s’ and t are strict closed immersions, but A is in general not strict.
The map ¢ is a part of a blowing up, and the modified diagonal t is just
(idx,1x+). The diagram shows that the conormal sheaf I;/I? of ¢ can be
identified with the pullback of the conormal sheaf of the identity section 1 x-
of the group scheme X* = Spec R[P%]. By Corollary 1.2.2, the latter is
canonically isomorphic to R ®z P9. Thus

I,/ I} = R[P] ®z P = Qx/p.
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Example 1.2.5 Let f: X — Y be a morphism of log points, with underlying
schemes r := X and y := Y, and recall that M ff/y is the cokernel of the map

MY — M3 (1.2.8). Let Qx/y be the cokernel of the map f~' MY — M,
so that there is an an exact sequence:

0 — k(z)"/k(y)" — Qx)y = M)y — 0.

If m e My, ax(m) = 0in k(z), and if m € My, its image m(m) in MY,
is zero. Thus in any case ax(m) ® m(m) = 0 in k(z) @ MYy, so (0,7) is a
log derivation of X/Y, and by the universal property of Q% Jy» the obvious
map k(r) ® Qxyy — k(z) ® MYy factors through Q% . Thus there is a
commutative diagram with exact rows:

k(z) @ k()" /k(y)" — k(z) ® Qx/y — k(z) @ My, — 0

dlog id

p

Uiy k() Qx/y k() ® Mgy —— 0.
The map p can be thought of as a kind of Poincaré residue. In particular, if

=y, Uy Zk(z)® My

The difference between classical and log differentials is revealed (as we
saw in the case of log points (1.2.5)), by the Poincaré residue. We describe
a generalization, first for log rings, then for log schemes.

Example 1.2.6 Let 0: (B,Q) — (A, P) be a morphism of log rings, let F'
be a face of P which contains the image of ) and let I be the ideal of A
generated by a(pp). Define 6: P — A/I ® (P/F)% to be the homomorphism
sending p to 1 ® mr(p), where mp(p) is the image of p in (P/F)%. Then if
p € P, a(p)d(p) =0in A/I ® (P/F)%, and so (0,0) is a log derivation of
(A, P)/(B,Q) with values in (A/I ® P/F)%. It follows that there is unique

A-linear homomorphism

P QaspyysyQ) — A/ @ (P/F)*

such that pp(dp) = 1® mp(p) for p € P and pr(da) = 0 for a € A.
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Proposition 1.2.7 Let f: X — Y be a morphism of idealized log schemes
and let ' C Mx be a sheaf of faces containing the image of f~'(My) and
such that the sheaf-theoretic union of I' and Kx is Mx. Then there is a
unique Qx-linear map pr making the following diagram commute:

Mx
dlog

Qv PR oy @ (M /F)”,

where 6(m) := 1 ® wp(m) and wp(m) is the image of m in (Mx/F)% for
every m € Mx. The map pr is called the Poincaré residue along the face F,
and pp(da) =0 for every a € Ox.

Proof: It m € Kx, ax(m) =0, and if m € F, 7p(m) = 0. If m is any
section of Mx, m islocally either in F'or in K x, and hence ax(m)®d(m) = 0.
Then (0, 0) is a log derivation of X/Y with values in Ox® (M /F)%, and the
existence and uniqueness of pp follow from the universal mapping property
of QY v O

1.3 Functoriality

Most of the results about differentials and derivations for schemes carry over
to log schemes, so we provide only a sketch.

Proposition 1.3.1 Let

x -9 .x
I f
vy

be a commutative diagram of prelog schemes. Then there is a unique homo-
morphism
g*Q.]X/Y — Qk//y/,
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sending 1 ® da to dg*(a) for every section a of g~1(Ox) and 1 ® dlog (m) to
dlog g°(m) for every section m of g~'(My). This morphism is an isomorphism
in the following cases:

1. f’ is the morphism of log schemes associated to to the morphism f of
prelog schemes.

2. The diagram is Cartesian in the diagram of prelog schemes.
3. The diagram is Cartesian in the diagram of log schemes.

4. The diagram is Cartesian in the diagram of fine or fine saturated log
schemes.

Proof: Let E' be any sheaf of Ox/,-modules and let (D, ) be an element of
Derx//y/(E"). As we have seen in (1.1.2), there is a natural homomorphism

G DeI"X//y/(E/) — DerX/y(g*E’).

The existence of and uniqueness of the map on differentials follows from their
defining universal property. The fact that the maps are isomorphisms follows

from the corresponding statements in (1.1.2) in cases (1), (2), and (3), and
(4) follows from (1.1.13). O

Example 1.3.2 Associated to any morphism f: X — Y of prelog schemes
is a commutative diagram

X

hence a canonical homomorphism

Qxjy = Uy,

sending (D, ) to D. If f is strict, the diagram is Cartesian, and this homo-
morphism is an isomorphism by (1.3.1).
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Corollary 1.3.3 Let f: X — Y be a morphism and let X — Xy — Y
be its canonical factorization, with X — Xy an isomorphism of underlying
schemes and Xy — Y strict. Then the map

QlK/X - Qﬁ(Y/Y

is an isomorphism.

Proof: In fact, the diagram

Xy X
Y Y
is Cartesian, and so it suffices to apply (1.3.1). O

Corollary 1.3.4 If the square in (1.3.1) is Cartesian in the category of co-
herent (resp. fine, resp. saturated), then the induced homomorphism

f/*Q%/’/Y ©® Q*Qﬁqy - Q%(’/Y

is an isomorphism.

Proof: As we have seen, the fact that the diagram is Cartesian implies that
the map ¢*QY . — QX /5 is Cartesian. Then the map g*Q% )y — QX /y
provides a splitting of the map Q% o~ QL sy By the same token, the
map f’*Q;,/Y — Q%{//X is an isomorphism, and the map f’*Q;,/Y — Qk//y
provides a splitting of the map Q%,/Y — Q&,/S. O
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2 Thickenings and deformations

2.1 Thickenings and extensions

Definition 2.1.1 A log thickening is a strict closed immersion i:S — T of
log schemes such that:

1. the ideal I of S in T is a nil ideal, and
2. the subgroup 1 + I of O} = M7 operates freely on Mry.
A log thickening of order n is a log thickening such that I"** = 0.

If T is quasi-integral, condition (2) in (2.1.1) is automatic. A thickening
1:.5 — T induces a homeomorphism of the underlying topological spaces of
S and T, and it is common to identify them. An idealized log thickening is
defined in the same way, and in particular the map K — Kg is required to
be an isomorphism.

Proposition 2.1.2 Let i: S — T be a log thickening, with ideal I.

1. The commutative square

Or

Mr

O3

Mg

is Cartesian and cocartesian (i.e., O} is the inverse image of O% in Or,
and Mg is the amalgamated sum of O% and Mry.)

2. Ker(05 — 0%) = Ker(M — MF) =1+1.

3. The action of 1 + I on My (resp. on M#’) makes it a torsor over Mg
(resp. over MZ’). That is, the maps

(1+I)><MT—>MT><MSMT and (1+1)XM§~—>M§ZPXM§PM%D

(u,m) — (m,um)

are isomorphisms.
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4. The square

is Cartesian.

Proof: The fact that the square in (1) is Cartesian is just the statement
that the homomorphism 4’ is local, which is always the case (??). The fact
that the diagram is cocartesian comes from the fact that ¢ is strict, so that
Mg is the log structure associated to the prelog structure My — Og. Since
I is a nilideal, any local section a of I is locally nilpotent, and hence 1 + «a
is a unit of Or. In fact it is clear that 1 + I is exactly the kernel of the
homomorphism O} — Of. Since My — Or is a log structure, M; = O7,
and since the action of 147 on My is free, the map 141 — M3? is injective,
and evidently is contained in the kernel of the map M¥ — MZ’. Conversely,
if is any local section z of Mt is the class of m’ —m for two sections of Mr,
and if x maps to zero in Mg’ there exists a local section n of Mg such that
i*(m')+n = i’(m)+n. Locally n lifts to a section m” of My, and the equation
then becomes #*(m’ +m") = i’(m + m"). Then there exists a uinl + I such
that m’+m” = u+m+m”, and hence m' —m = u in M. This shows that
x € 1+ I and completes the proof of (2). These same arguments also prove
(3).

The last statement is trivial when My and Mg are integral; let us check
it in the general case as well. Let (m, ) be a local section of Mg X yr M7
We may write m = °(m/) for a local section of My and let o be the class of
my — my for local sections m; of My. Since m’' and z have the same image
in ME’, there exists a local section m’ of My such that

P(m) + 7 (m) + 7 (my) = " (m') + 7 (my).

Then there is a local section w of 1+ 1 such that u+m/+m+m; = m'+ms in
Mryp. Then u+m is a section of M7 mapping to (m, z). Suppose on the other
hand that m and m’ are sections of My with the same image in Mg X ysor MP.
Since the images in Mg of m and m’ are the same, m’ = u + m for some
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section u of 1+ I, and since the images of m and m' in MY are the same, u
maps to 0 in M¥. But this implies that u = 0, so m’ = m, completing the
proof. ]

Corollary 2.1.3 Let i:S — T be a log thickening.
1. T is coherent (resp. integral, fine, saturated) if and only if S is.

2. Let 3: P — My be a homomorphism from a constant monoid P to M.
Then if 3 is a chart for T, i’ o 3 is a chart for Mg, and conversely if S
is quasi-integral.

Remark 2.1.4 Let i: S — T be a log thickening of S. Since 7 is defined by
a nilideal, 7 induces a homeomorphism on the underlying topological spaces
(i.e., with the Zariski topologies). If U is a Zariski open subset of S, the
restriction of T to U is a log thickening of U. Thus the category Thick of
log thickenings can be viewed as a fibered category over the category S,
of Zariski open subsets of S. If T} and T, are log thickenings of U; and U,
respectively, then the functor which to every open set V of U; assigns the
set of morphisms T, — T3 forms a sheaf on U;. Moreover, log thickenings
can be described locally and glued: given an open covering {U;} of an open
U C S, a collection of thickenings U; — T;, and a collection of isomorphisms
(descent data)

~ T

Hu;nu;

€ij: Tijy,nu,
satisfying the cocycle condition [], there is a unique thickening U — T,
together with isomorphisms TUl_ = T, compatible with the descent data.
These conditions mean that Thick forms a stack for the Zariski topology of
S.

For log thickenings of finite order n, an analogous statement holds for the
étale topology.

Definition 2.1.5 Let f: X — Y be a morphism of log schemes and let |
be a quasi-coherent sheaf of Ox-modules. A Y -extension of X by I is a

Explain this more
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commutative diagram

Y

where i is a thickening of order one with I = ker(i*). If u:J — I is a
homomorphism of quasi-coherent sheaves of Ox-modules, and i: X — S
(resp. j: X — T') is a Y-extension of X by I (resp. by J), then a morphism
of Y -extensions over u is a Y-morphism g: S — T such that g oi = j and
g* acts as w on J. When I = J and u = id, one says simply that g is a
morphism of Y -extensions.

If g:¢ — j is a morphism of Y-extensions over u, then ¢’ fits into a diagram

b
MTL’MS

Mx

and ¢ is a morphism of torsors over My associated to 1 +u:1+J — 1+ 1.
The category of Y-extensions of X with a fixed / (with morphisms over id;)
is a groupoid: any morphism is an isomorphism.

Example 2.1.6 If F is a quasi-coherent sheaf of Ox-modules, the trivial
Y -extension of X by E, denoted X & E, is the log scheme T defined by
Or = Ox & E with (a,b)(d',V) := (ad’,ab + ba'), with My := Mx & F,
and ar(m,e) = (ax(m),ax(m)e) if m € My and e € e. The kernel of
Or — Ox is theideal (0, E) C Or, which acts freely on My, so that (idx, ) is
a first-order thickening. Furthermore, we have an evident retraction 7' — X.
Conversely, a Y-extension is trivial (isomorphic to X @ [I) if and only if 4
admits a Y-retraction r:T" — X.
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Example 2.1.7 Let f: X — Y and ¢:Y — Z be morphisms of log schemes
such that the underlying morphism of schemes f is affine, and let i: X — S
be a Z-extension of X by a quasi-coherent Ox-module I. Then f,I is quasi-
coherent on Y, and we can construct a Z-extension f,(i) := ;Y — T of Y
by f.I and a commutative diagram

X S
f
y —J .7

as follows. Since I is quasi-coherent and f is affine, there is an exact sequence
of sheaves:

on Y. Let Or be the fiber product of f,Og and Oy over f,Ox, which fits
into an exact sequence:

0— fil -5 Or — Oy — 0.
Since J := f.I is quasi-coherent, there is a closed immersion j:Y — T
with square-zero ideal J corresponding to this exact sequence. Since i is a
thickening, 1 + I acts freely on Mg, and the sequence
0—1+1— Mg— Mx —0

is exact. Moreover, I is a square zero ideal, so as an abelian sheaf 1 +1 = I,
and consequently the sequence

0— f(1+1) = fo(Ms) = fu(My) — 0
is also exact. Let My be the fiber product of f.(Mg) and My over f,(Mx):
0—14+J— My — My — 0.

Then the map ar: My — Op induced by ag is a log structure, and j: Y — T
is the desired extension.
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If g: S — T is a morphism of Y-extensions of X over u: J — I, then the
sequence
0—-1—-05—0x —0

is obtained by pushout of the sequence
0—-J—-0r—0x—0
along u: J — I, and the sequence
1—=14+1— Mg — Mx —0
is obtained by pushout of the sequence
1—-1+J— Mp— Mx —0

along 1 +u:1+J — 1+ 1. As in the classical case [|, the Y-extensions
of X by a variable module I form an Ox-linear cofibered category over the
category of quasi-coherent sheaves on X. For example, one can endow the set
Exty (X, I) of isomorphism classes of Y-extensions of X by I with an abelian
group structure in a natural way. If 2: X — S and j: X — T are Y-extensions
of X by I, then the sum of the classes of i and j in Exty (X, ) is formed by
first taking the Y-extension of X by I & I given by the fibered products
Og %o, Or and Mg x pr, Mp, and then taking the class of the pushout along
the additional law I & I — I. The identity element of Exty (X)) is the class
of X & I. If ais a section of Ox and T is an object of Exty (X, E), then
pushout along the endomorphism of E defined by a defines the class of aT
in Exty (X, E).

2.2 Differentials and deformations

The geometric motivation for the definition of log derivations lies in the study
of extensions of morphisms to thickenings.

Definition 2.2.1 Let f: X — Y be a morphism of log schemes. A log thick-
ening over X/Y is a commutative diagram

?

S T
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where i is a log thickening (2.1.1). A deformation of g to T is a section of
Defx/y(g,T) = {f]T—>X goi=g,fog= h}

In the definition above, i is a homeomorphism, and we have identified
the underlying topological spaces of S and T'. If ¢ has finite order, the étale
topologies of S and T can also be identified, as we explained in (2.1.4). Thus
Defx/y(g,T) forms a sheaf on S, and we can identify g, with g.. Then a
deformation of g to T" amounts to a pair of homomorphisms:

7 O0x — ¢.Or and f]b: Mx — g.Mr,
such that ag o ¢° = g% o ax, compatible with i and f.

Theorem 2.2.2 Let i: S — T be a first-order log thickening of X /Y. Then
there is an action of Derx,y (¢9.Ir) on g.Defx,y(g,T), with respect to which
g:Defx/yv(g,T) becomes a pseudo-torsor under Derx/y(g.Ip). With multi-
plicative notation for the monoid law of My, the action is given explicitly as
follows: if (D,0) € Defx,y(g.I7r) and g, is a section of g, Defx,y(g,T),

(D,8)g1 = (gi + D, (1 +d)g}).

Proof: Let g; be a deformation of g to 7', and let (D,d) be an element
of Derxy(g.1). If go :== (D, 6)g: is given by the formulas above, then for
a € Ox and m € My,

g5(a) = gi(a) + Da and g3(m) := gi(m)(1+ &(m)).

We claim that g, is another deformation of g to T'. It is standard and imme-
diate to verify that gg is a homomorphism of sheaves of f~!'(Oy) algebras,
because D is a derivation relative to Y and I? = 0. Moreover, since I = 0,
the map I — O} C My sending b to 1 4+ b is a homomorphism of sheaves
of monoids, and hence g5 is also. Since § o f* = 0, it still the case that
g5 o f* = B’. Furthermore, if m € g~!(My),

ghlax(m)) = gl(ax(m))+ Dax(m)
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Thus g, really is a morphism of log schemes. Furthermore, g, 07 = ¢’ because
it takes values in [.

The calculations above show that the formulas above determine a map-
ping

Derx/y(g.1) x g.Defx/v(g9,T) — g.Defx/y (g, T).

It is immediate from the formulas that this mapping is a group action. To
see that this action of Dery,/y (¢.I) makes Defx/y(g,7") a pseudo-torsor, we
have to check that the map

Derx/y(g.I) x g.Defxy(9,T) — gDefx;y(g,T) x g.Defx/y(g,T)
<<D76)7gl) = (917(D75)+91)

is an isomorphism. If g; and g, are deformations of g to T', (g2, ¢5) defines a
homomorphism of sheaves of monoids

0:g *Mx — Myp xppg Mp —— (1+1) x Mp 2~ 1+1 — 1

where € is the inverse of the isomorphism (u, my) — (mq,ums) of (2.1.2.3)
and the last map is the first-order logarithm homomorphism u +— b — 1.
Since fogy = fog, it follows that ¢ annihilates the image of My . Moreover,
D: gg — g? defines a derivation Ox — ¢.I, and reversing the calculation above
shows that for m € ¢g7'(Mx), ax(m)d(m) = D(ax(m)). Thus (D,d) is a
derivation of X/Y with values in g.[. O

Corollary 2.2.3 If : X — T is a Y-extension of the log scheme X with
ideal I, then Aut(i) = Derx,y(I).

2.3 Fundamental exact sequences

In most cases, standard arguments from classical algebraic geometry carry
over to the log case to produce the familiar exact sequences showing the effect
of closed immersions and compositions on differentials.

Proposition 2.3.1 Let f: X — Y and ¢:Y — Z be morphisms of log
schemes. The the functoriality maps fit into an exact sequence of sheaves of
Ox-modules:

f*Q%’/Z - Q%(/Z - Qﬁ(/y —0
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Proof: This is proved just as in the classical case: the morphisms in the
sequence are induced by the commutative squares:

x_ I .y x_ 1 .y
fog g f g
7z Z y 9 .z

and once checks from the definitions that for any O x-module E, the sequence
O — Derx/y(E> — Derx/z(E) — DeI'y/Z(f*E)

is exact. The exactness of the sequence of differentials then follows from the
universal properties. O]

Proposition 2.3.2 Let f: X — Y be a morphism of log schemes, let i: Z —
X be a strict closed immersion of quasi-integral log schemes, with ideal sheaf
I. Then there is an exact sequence of sheaves of O z-modules

Uﬂiﬂ*(%qy) — Q) — 0,

where the map d sends the class of an element a of I to the image of da
in i*(QY/y). If the first infinitesimal neighborhood T of Z in X admits a
Y -retraction, then d is injective and split.

Proof: Although d: I — Qﬁ(/y is not Ox-linear, one verifies immediately
that its compostion with the map QY ;- — i*(/y) is, and hence that this
composition factors through the map d as claimed. To prove the exactness
of the sequence, it suffices to prove that for every sheaf E of Oz-modules,
the sequence obtained by applying Hom( , E) is exact. By by the universal
mapping property of the sheaf of differentials, this amounts to verifying that
the sequence

0 — Dergz/y () — Deryy (i.F) — Hom(I,i.E)

is exact. The injectivity of the map Deryz/y (£) — Dery,y(E) follows from
the fact that i’: Mx — My is surjective. Let (D,6) be a derivation of X/Y
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with values in 7, F such that Da = 0 for every section a of I. Then D factors
through i.Oz; we must also check that § factors through i.(Myz). Since i
is strict, if m; and my are two sections of i 'Myx with the same image in
My, then my = um; for some u € 1+ I. Hence d(mgy) = d(u) + d0(my) =
u 'Du + §(my), and Du = 0 since D annihilates I. Hence §(my) = 6(m;),
as required. Let j:T'— X be the first infinitesimal neighborhood of Z in X,
i.e., the strict closed subscheme defined by I2. Since My is quasi-integral,
i1 (1+1) acts freely on i~*(My), and i': Z — T is a first-order log thickening
over X/Y. Suppose that r:T — Z is a map such that r o i’ = id;. Then
j and ir are two deformations of ¢ to 7', and by (2.2.2) there is a unique
h: QY — I/I? such that h(dm) = j*(m) — (ir)’(m) for every local section
m of Mx. Taking m = 1+ a with a € I, we see that h(da) = j*(a), i.e., the
image of a in I/I°. O

Corollary 2.3.3 Let f: X — Y be a morphism of coherent log schemes,
K C Mx be a coherent sheaf of ideals, and let 1: Z — X be the strict closed
immersion of log schemes defined by K. Then there is a natural isomorphism

(U y) = Uy

Proof: Theideal I of Z in X is generated by ax (K) as an abelian subsheaf
of Ox. If k is a local section of K, dax (k) = ax(k)dk which maps to zero
in i*(Qﬁc/y). Thus the corollary follows from (2.3.2). O

Note that by (1.1.15), the same result holds if Z is regarded as an idealized
log scheme.

Proposition 2.3.4 Let f: X — Y and ¢g:Y — Z be morphisms of log
schemes and let I be an quasi-coherent Ox-module. If 0 € Dery/;(f.1),
let X @51 denote the Y -extension of X by I obtained by applying O to for,
where r: X @1 — X is the canonical retraction of the trivial extension (2.1.6)
of X by E, using the action (2.2.2) of Deryz(f.I) onY/Z(X @ I).

1. There is an exact sequence
0— Derx/y(l) — DerX/Z(I) — Dery/z<f*l) — EXty(X, I) — Eth(X, ]),

where Deryz(f.1) — Exty(X,I) is the map sending O to the isomor-
phism class of X &y 1.
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2. If f is affine, the sequence prolongs to an exact sequence including the
sequence:

Dery 7 (f.I)-25Exty (X, I) — Exty(X, I)2>Ext,(Y, f.I),

where f, is the map of extension classes induced by the construction (2.1.7). 1 should write the
proof.

Corollary 2.3.5 If f: X — Y and ¢:Y — Z a morphisms of log schemes,
the natural maps fit into an exact sequence:

f*(Q%//Z) - Qﬁ(/z - Q%(/Y —0

simplify this state-
ment; p is an iso-
morphism if f is an

isomorphism.
M)g(Z;Y,:C P

Proposition 2.3.6 Suppose that f: X — Y is a morphism of log schemes
and x € X. Then there is a commutative diagram

gp
My,

dlog T

PX/Y,x
ng/z(v”‘?) — Q}(/Y(x) — k(r) ® M;gf}y,m,

where 7(m) sends a section m of M%)y, to 1 ® m and the bottom row is
exact. (The map px/y, is sometimes called the Poincaré residue mapping at

Proof: Consider the diagram

X - Xy - X

Y

<

in which the square is Cartesian. In fact, Xy is just X with the log structure
induced from Y. Since the map Xy — X is an isomorphism on underlying
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schemes, the base change formula for differentials induces an isomorphism
O )y — Q. jy, and we get from (3.2.3.1) an exact sequence:

Qxjy = Qxpy — Qxyx, — 0.
We shall prove that the composite map
0: M — Qﬁ(/y — Qﬁ(/xy
induces an isomorphism k(z) ® M%)y — QY x, (v). The image of My, in

QY y is zero by definition, and the image of O% , is zero in Q% . Thus 0
kills f*M{” and hence induces maps

M)gg;y = MY/ "M — Qﬁ(/xy and 0:k(z) ® M}(](I}Y - Q%(/Xy ().

We know that Qk/x is generated by the image of Mfg;y, so 0 is clearly
Y

surjective. If m € My, then the image of m in M,y is zero, and hence

7(m) is zero, and if m € M, ax(m) maps to zero in k(z). Thus in any case

ax(m)m(m) = 0, and the pair

(0,7): Ox & MY — k(x) ® M)y,

is a logarithmic derivation. Thus there is a unique map r: Q% — k(z) ®
M%)y, such that r(dm) = w(m) for all m € My. Evidently r kills dO% ,,
hence also the image of Q%, as well as the image of Q5,. Consequently r
factors through a map 7: QY /v — k(2) @ MYy, ,. Then T is inverse to 0. O

3 Logarithmic Smoothness

3.1 Definition and examples

The basic definitions are copied from Grothendieck’s geometric functorial
characterization.
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Definition 3.1.1 A morphism of log schemes f: X — Y is formally smooth
(resp. unramified, resp. étale) if for every n and every nth order log thick-
ening (2.1.1) of X/Y:

S T
g h
X / Y

locally on T' there exists at least one (resp. at most one, resp. exactly one)
deformation g of g toT' (2.2.1). We say that f is smooth (resp. étale) if it is
formally smooth (resp. étale) and in addition Mx and My are coherent and
f is locally of finite presentation.

Since an nth order log thickening can be written as a succession of first
order thickenings, it is enough to check the condition when n = 1. In this
case, the sheaf g,Defx/y(g,7) of deformations of ¢ is a pseudo-torsor un-
der Derx/y(g.Ir) = Hom(Q y, g.Ir) by Theorem 2.2.2. Thus the formal
smoothness condition says that this pseudo-torsor is locally nonempty, .e.,
is in fact a torsor.

Remark 3.1.2 The family of formally smooth (resp. étale) morphisms is
stable under composition and base change in the category of log schemes. If
g:Y — Z is étale, then a morphism f: X — Y is smooth if and only if g o f
is smooth. If X — Z and Y — Z are formally étale, then any Z-morphism
X — Y is formally étale. These properties follow immediately from the
definitions.

Proposition 3.1.3 A morphism f: X — Y of coherent log schemes is for-
mally unramified if and only if Qﬁ(/y = 0.

Proof: 1f i: S — T is a log thickening over X /Y, the sheaf of deformation
of g:S — X to T is a torsor under Derx,y(g.I) = Hom(QY,y, g.I). This
vanishes if Q% sy vanishes, and so deformations are unique when they exist.
Thus X/Y is formally unramified. If X and Y are coherent, the sheaf Q% Y
is quasi-coherent (1.1.12), and we can form the trivial extension 7" of X/Y
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by Qﬁ(/y (2.1.6). Then the set of deformations of idx is a torsor under
End(QY,y). If X/Y is unramified, the retraction 7' — X is the unique such
deformation, so QY sy =0. O

Proposition 3.1.4 A morphism f: X — Y of log schemes is formally smooth
if and only if for every affine open subset U of X and every quasi-coherent
Oy-module I, every Y -extension of U by I is trivial (or, equivalently, locally
trivial).

Proof: 1t follows immediately from the definition that if f is formally
smooth, any Y-extension U — T of an affine open subset U of X locally
admits a section U — X and hence is locally trivial. Conversely, suppose
that any such extension is locally trivial and that i:S — T is an X/Y-
thickening of order one with ideal I. The thickening i defines an element of
¢ of Exty (S, I). Assuming without loss of generality that X and S are affine,
we may form the direct image extension (2.1.7) g.(7") of X/Y by g.I. By
assumption, this extension is trivial, and hence by the exact sequence

Extx (S, 1) — Exty (S, 1) — Exty (X, g.1)

of op. cit., £ comes from an element of Extx (S, ). The means that there is
amap ¢g:T — X such that goi = ¢’ and f o g = h, as desired. O

Corollary 3.1.5 In the definition of smooth, (resp., unramifed, étale), it is
sufficient to consider thickenings such that ¢': T' — X is an open immersion.

If f: X — Y is a morphism of schemes, and if X and Y are endowed with
the trivial log structure, then f is formally (log) smooth (resp....) if and
only if f is. More generally:

Proposition 3.1.6 Let f: X — Y be a strict morphism of coherent log
schemes. If the underlying morphism of schemes f: X — Y is formally log
smooth (resp. étale, unramified), then the same is true of f. The converse
holds if the log structure on Y is quasi-integral.
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Proof: 1f f is strict, the diagram

X X
f !
Y Y

is Cartesian. Thus if f is smooth, the same is true of f. To prove the
converse, suppose that S — T is a log thickening over X /Y. Endow T with
the inverse image of the log structure on Y. Then S — T is a log thickening
over X/Y. Any deformation of S/X to T gives a deformation of S/X to
T. Thus if f is smooth, so is f. Furthermore, Qﬁ(/y i Ql&/X’ so if f is
unramified, so is f.

O

The next results explain when the morphisms of log schemes modeled on
morphisms of monoids are, unramified, smooth, or étale

Theorem 3.1.7 Let 6:(Q — P be a morphism of finitely generated monoids
and let f: () — P be the corresponding morphism of log schemes over a base
ring R. Then the following conditions are equivalent:

1. The order of the torsion part of the cokernel of 89 is invertible in R.
2. The morphism of log schemes f:Ap — Aq is unramified.

3. The morphism of group schemes f*: Ap — Aq Is unramified.

Proof: 1f (1) holds, then R® Cok(6#?) = 0. By (1.2.1), QkP/AQ is the quasi-
coherent sheaf associated to R[P] ® Cok(6?), and hence QY - = 0 and f is
formally unramified, hence unramified. The implication of (3) by (2) is imme-
diate. Finally, if f* is unramified, Qy, ay = 0, hence R[P] @ Cok(6) = 0,
hence R ® Cok(69) = 0. O

Theorem 3.1.8 Let 0: () — P be a morphism of finitely generated monoids.
and let f:Ap — Aq be the corresponding morphism of log schemes over a
base ring R. Then the following conditions are equivalent:
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1. The kernel and the torsion part of the cokernel of 697 are finite groups
whose order is invertible in R.

2. The morphism of log schemes f:Ap — Aq is smooth.
3. The morphism of group schemes f*: Aj — Aq is smooth.
Corollary 3.1.9 Let 6#:(QQ — P be a morphism of finitely generated monoids.

and let f:Ap — Aq be the corresponding morphism of log schemes over a
base ring R. Then the following conditions are equivalent:

1. The kernel and cokernel of 97 are finite groups whose order is invertible
in R.

2. The morphism of log schemes f:Ap — Aq is étale.
3. The morphism of group schemes f*: Ap — Aq is étale.

Proof of Theorem 3.1.8 Suppose that (1) holds. Recall from (1.1.9) that for
any log scheme T, the set of morphisms 7" — Ap is identified with the set of
morphisms of monoids P — I'(T, Mr). Thus a log thickening i: S — T over
f can be thought of as commutative diagram

0
Q

P
hloo 9 g

I(T, My) — T(S, Ms)
We must show that, locally on T', there is a map g: P — I'(T, M7) such that
iog=gand hof = h. Recall from (2.1.2.4) that the natural map

MT — Mjgjp X Mg Mgvp
is an isomorphism. Thus it will suffice to find a corresponding map in the

diagram:

Qgp

PP

Bl S g

I(T, M) —~ T(S, M%)
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Since the question is local on T, we may assume without loss of generality
that 7' is affine. By (2.1.2.2), the kernel of the surjection M¥ — MZ is
1 + I, and since I? = 0, the sheaf of groups is isomorphic to I. Since I is
quasi-coherent, H*(T,I) = 0, and the sequence

0 — D(I) — (M) — T(S, M) — 0

is exact. The pullback of the sequence along the map g fits into the following
diagram

0 Ker(6%) — Q9"
pIp
¢
0 (1) B " . pw -0
0 (1) Cok(¢) —— Cok(6%") — 0

By construction £ = I'(M7#) xp mgry PP, and the middle row is exact. The
bottom row is also exact, except possibly at I'(I). We must find a section
0: P% — E of the map 7 such that o 0 % = ¢. Now I'() is an R-module
and Ker(6") is a finite group whose order is invertible in R. It follows that
the map Ker(#9?) — TI'(I) vanishes. This implies that the bottom row is
also exact, which in turn implies that the middle row is the pullback of the
bottom row, i.e., that the square on the bottom right is Cartesian. Now
I'(I) is an R-module and since the order of the torsion part of Cok(6) is
invertible in R, the sequence on the bottom splits. Since the square on the
lower right is Cartesian, such a splitting also defines a map P% — FE, which
necessarily agrees with the given map Q)% — E. This map gives the desired
deformation of g and completes the proof that (1) implies (2).

It is apparent from the definitions that the restriction of a smooth map
to any open subset is smooth, and it follows that (2) implies (3). Thus it
remains only to prove that (3) implies (1). For this implication we may as
well replace @) by Q% and P by PY. Thus we may and shall assume that @)
and P are finitely generated abelian groups. Let Q)" be the image of () in P,
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so that the map 6 factors
1=Q—"-q "

where ¢ is surjective and 6’ is injective. The corresponding maps of group
schemes are P

f=Ae Ay —~ Aq,

where ¢ is a closed immersion and f’ is dominant. In fact more is true.
Observe that the group homomorphism # makes P into a )’-set, and since
0" is injective, each )’ orbit is isomorphic to @)'. Thus P is a free Q'-set,
R[P] is a free R[Q']-module, and f’ is faithfully flat. Let = be a point of Ap,
let y := f'(z) € Ay C Aq, and let = be the image of  in Spec R. Then y
lies in the inverse image of s in

Y, = Speck(s) Xgpec R Aq = Speck(s)[Q'],
and the fiber of y in Ap can be identifed with its fiber in
Xs = Spec ]{?(S) XSpecR AP - Speckz(s)[P],

Now the dimension of X is the rank of the abelian group P, the dimension
of Y; is the rank of @), and the morphism fI: X, — Y/ is faithfully flat. It
follows that all the fibers of f! have dimension equal to the rank of P minus
the rank of @', i.e., the rank of P/Q’. Since f is smooth, its sheaf of relative
differentials is locally free, and its rank at any point z is the dimension of
the fiber containing it [, |, i.e.the rank of P/Q’. By (1.2.1,), QAP/AQ is the
sheaf associated to the module R[P] ®z Cok(#). Write Cok(f) as a direct
sum of a free group F' and a finite group 7. Then R® FF& R® T is a free
R-module of rank equal to the rank of F', and hence that R ®z T" = 0. This
implies that the order of T is invertible in R.

It remains to prove that Ker(f) is a finite group whose order is invertible
in R. Since f is smooth, it is also flat, and since f’ is faithfully flat, it follows
that the closed immersion ¢ is also flat. Then the result follows from the
follow lemma. O

Lemma 3.1.10 Let ¢:(Q — Q' be a surjective homomorphism of finitely
generated abelian groups with kernel K. Then the corresponding homomor-
phism R[Q] — R[(Q)'] is flat if and only if R® K = 0.
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Proof: Let I C R[Q] be the ideal of R[¢]. If R[Q] — R[Q]/I is flat, I* = I.
But (1.2.3) gives an isomorphism of R[Q)']-modules

I/I* =~ R[Q'] @ Ker(0).

Since I/I? = 0, it follows that R ® Ker(f) = 0, and this implies that Ker(6)
is a finite group whose order is invertible in R. Conversely, if R® Ker(6) = 0,
then I = I?. Since I is finitely generated, Nakayama’s lemma implies that,
at each point x of Aq, either I, = Ox, or I, = 0. Thus the map Aqg — Aq
is an open immersion, hence flat. O]

Corollary 3.1.11 Let P be a finitely generated monoid, let Ap := Spec P —
R[P], and let S := Spec R (with trivial log structure). Then the following
conditions are equivalent:

1. The order of the torsion subgroup of P9 is invertible in R.
2. The morphism of log schemes A, — S is smooth.
3. The group scheme Ay := Spec R[P9] is smooth over S.

Corollary 3.1.12 If X is a coherent log scheme, the canonical maps X™ —
X and X5 — X' are log étale.

Corollary 3.1.13 Let f: X — Y be a morphism of coherent log schemes
with X fine. Then f is smooth if and only if the canonical factorization

f: X — Y js smooth, and the same holds with f5** in place of f"*.

Proof: Let (:Y™ — Y be the canonical map, and consider the following
diagram, in which the square is Cartesian:

!
X o,y S x
f pr f
Yint C Y

Since ¢ is smooth, so is (', and since (' o7 = id is étale, 1 is also étale. If f
is smooth, pr is smooth, and hence f = pron is also smooth. If f is smooth,
then f = (o f is also smooth. ]
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Proposition 3.1.14 Let f: X — Y be the morphism of log schemes admit-
ting a coherent chart 0: () — P and let x be a point of X. Assume that ()
and P are finitely generated and that

1. k(x) @ Ker(#9) = 0 and k(z) @ Cok(09), = 0 (resp. k(z)® Cok(09%) =
0.)

2. Themap X — X' =Y Xaq Ap is smooth (resp. étale) in some neigh-
borhood of x.

Then f: X — Y is smooth (resp. étale) in some neighborhood of x.

Proof: Consider the commutative diagram of log schemes: Let n be the
order of Ker(69). Condition (1) implies that n is a unit in k(x) and hence
also in k(y), where y = f(x). It follows that n is a unit in the local ring
of y in Y, and so, after replacing Y by an open neighborhood of y, we may
assume that Y is a scheme over Z[1/n|. The same argument with Cok(69)
shows that there is localization R of Z such that the orders of Cok(6)%), and
ker(697) are invertible in R, and (perhaps after a further localization) that Y
is an R-scheme. We work over R from now on.

f/

X4>YXAQAP4>AP

Y

Aq

Then by Theorem 3.1.8 (resp. Corollary 3.1.9) the map g is smooth (resp.
étale), and the same holds for ¢’ by base change. Since X — Ap is a chart
for X, the map f is strict. Since X — X' is smooth (resp. étale), it follows
from (3.1.6) that the same is true for X — X'. Since the family of smooth
(resp. étale) maps is closed under composition, this completes the proof. [

Example 3.1.15 If X is a fine log scheme and K is a coherent sheaf of
ideals in M, let Xx be the closed subscheme defined by ax(K)Ox with the
induced log structure. Then j: (Xg, j*K) — (X, (x) is ideally étale.
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Proof:  Suppose (¢',7) is an idealized log thickening over X /X asin (77?).
Then the map ¢"Mx — My sends ¢"*7*K to Kg+. Since i is a homeomor-
phism and ¢ is ideally strict, it follows that A*K maps to Kr and also that
ax(K) maps to zero in Op. This implies that h factors through X . Fi-
nally we have to check that the induced map on monoids h='Myx — My
factors through A=' My, . But My, is the quotient of j~'Mx by the action
of 1+ j'ax(K), which acts trivially on Mz because ax(K) maps to zero
in OT. ]

For example, if P is a fine monoid with P* = 0, Xp =: Spec(P — Z[P]) is
smooth over Z. The closed log subscheme ¢p defined by P* is Spec(P — Z)
(where the map sends every element of PT to 0), and the map of idealized
log schemes (p, PT) — (Xp,0) is étale. It follows that ({p, PT) is smooth
over Z in the category of idealized log schemes, although £p is not smooth
over Z in the category of log schemes.

Example 3.1.16 Let P be a fine monoid and let k be a field such that the
order of the torsion of P% is invertible in k. Then Ap, — Speck is log
smooth. If X is a log scheme and X — Ap is a chart such that X — Ap, is
étale, then X — Speck is log smooth.

Example 3.1.17 Let n be an integer and let : N — N be mulitplication
by n. Then the corresponding morphism f:Anx — An is étale if and only if
n is invertible in the base ring R. The map f on underlying schemes is a
finite covering, tamely and totally ramified over the origin. This is a simple
example of a Kummer covering.

Example 3.1.18 Let #: () — P be a homomorphism of monoids such that
69 is an isomorphism. Then Ag: Ap — Aq is étale. For example, let r be a
positive integer and let

0:N" — N" by (a,a9,...,a,) — (a1,a0+ay,...,a, + ay).
Then the corresponding map 09 is an isomorphism and Ay is étale. However

the underlying map on schemes A,: A — A" is an affine piece of a blowing
up, and is not even flat.

More generally....
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Example 3.1.19 Let r be a positive integer and let ¢: N — N" be the
map sending a to (a,a,...,a). Then the correspoding morphism of log
schemes Anr — An is smooth. The map of underlying schemes sends a
point (z1,...x,) to the point xyxs - - - z,, and is the standard model of stable
reduction. Notice that there are commutative diagrams

0
NT‘

N" Anr

ANr

N AN?

where 6 is the map in Example 3.1.18 corresponding to a blowup and 7 (a) :=
(a,0,---,0) corresponds to a projection. Thus in the log world, a semitable
map can be factored as an étale map followed by a standard projection.

More generally, if (mq,ms, ..., m,) is a sequence of positive integers, the
on log schemes corresponding to the map

N — N" given by a+— (mia,mea,...m,a)

is smooth if and only if the greatest common divisor of (mq,ma,...m,) is
invertible in the base ring R.

Examples 3.1.20 Let X /k be a smooth scheme of dimension n over a field k&
and let D C X be a divisor with normal crossings. By definition, this means
that locally on X there exists a system of local coordinates for X adapted
to D, i.e., an étale map g: X — A"/k := Speck[ty,...t,] and an integer
r < n such that D is the divisor defined by ¢*(¢;...t,). Let ax: Mx — Ox
be the direct image (I1,1.2) of the trivial log structure on U := X \ D, and
let X be the corresponding log scheme. For each i < r, x; := ¢*(t;) is a
unit on U, and hence there is a unique section m; of My with ax(m;) = ;.
Since X is smooth, it is locally factorial, and by (2.1.9) the map N — My
sending the i** standard basis vector e; to m; is a chart for Mx. If i < r,
dx; = dax(m;) = ax(m;)dlogm; = x;dlogm;, i.e., dlogm; = x;—1dx;.
As we shall see in (?77?), Qﬁ(/k is locally free of rank n, with a local basis
(dlogmy,...dlogm,,dx,,1,...dx,), Thus Qﬁg/k(MX) can be identified with
the classically considered set of differential one forms with log poles along
D. Now suppose that S is a smooth scheme of dimension one over k, y is a
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point of S, and f: X — S is a morphism such that f—1(y) = D. (This is an
example of a semistable reduction.) Endow S with the log strucure induced
from the open embeding S\ {y} — S, and let s be a local coordinate at s.
Then (after a change of coordinates) f*(s) = [} z;, and QY/y is given by
generators dlogm; for ¢« < r and dx; for ¢ > r, with Y dlogm; = 0.

3.2 Differential criteria for smoothness

The next set of results follow the standard pattern from algebraic geometry.

Proposition 3.2.1 If f: X — S is a smooth map of idealized log schemes,
then QY /s s locally free of finite type.

Proof: For any quasi-coherent E, the set of retractions X & £ — X is
bijective with Hom(Q}(/Y, E). Now if E — E” is a surjective map of quasi-
coherent Ox-modules, we get another first order thickening X®F" — X F,
and by the smoothness of X /S, every retraction X @ E” — X lifts locally to
X @ E. This says that the map

Hom(Q,lX/Y7 E) - Hom(Q}X/Ya E//)

is locally surjective. Since Q% sy 1s of finite presentation, it follows that it is
locally free. O

Theorem 3.2.2 Let f: X — Y be a smooth morphism of coherent and
quasi-integral log schemes and let 1:Z — X be a strict closed immersion
defined by an ideal I of Ox. Then Z — Y is smooth if and only if the map
d in the sequence (2.3.2)

0—I/I* — @'*(Q}(/Y) — QIZ/Y — 0

is injective and locally split.

Proof: The proof is standard; we recall the main outline for the convenience
of the reader. Let j: Z — T be the first infinitesimal neighborhood of Z in
X. If Y/Z is smooth, then locally on Z there exists a retraction 7' — Z, and
hence by (2.3.2), the sequence is locally split. Suppose that the sequence

Write the proof
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is locally split, let S — T be a first order log thickening over Y, and let
g:S — Z be a Y-morphism. Since X / Y is smooth, locally on X there
exists a deformation h of ig to T. Then h induces a map Iz/I% to g.lIr.
Since the map d is locally split, this map can locally be extended to a map
Qﬁ(/y — g.I7. Such a map corresponds to a section & of Derx/y (g.Ir). Then

the deformation —&h of h factors through i: Z — X. This proves that Z Y
is smooth. ]

Theorem 3.2.3 Let f: X — Y and g:Y — Z be morphisms of fine idealized
log schemes, and consider the resulting exact sequence (2.3.5).

f*Q%//Zi)Qﬁ(/ZL)Q;/Y — 0.

1. If f is log smooth, the map s above is injective and locally split.

2. If go f is log smooth and s is injective and locally split, then f is log
smooth.

Proof: This follows from 2.3.4. [

Theorem 3.2.4 Let g: X — Z be a smooth morphism of coherent log
schemes and T is a geometric point of X. Then in an étale neighborhood of
x, there exists a diagram

X / Z X Anr
q pbrz
A

in which f is étale.

Proof: Recall that the map Ox ® M — QY, is surjective. It follows
that the fiber Q% (%) of Q% , at T is spanned as a k(T)-vector space by the
image of the map dlog: Mxz — QY% /Z(T). Thus there exists a fine sequence
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(mqy,ma,...m,) of local sections of My whose images in the vector space
938 /Z(T) form a basis. Restricting to some étale neighborhood of T, we may
assume that the m; are global sections and then define a map m of log
schemes X — Anr. Let Y := Z X Anr, let f: X — Y be the map (f, m), and
let g:Y — Z be the projection. Consider the sequence

0— f*Q%f/Z — Q%(/Z - Qﬁ(/y — 0.

The sequence (dlogmy,dlogms,...dlogm,) forms a basis for Q%,/ZE, and
s takes this sequence to a basis for Q}(/Zj. It follows that s induces an
isomorphism on the stalks at Z, hence in some neighborhood of Z. Replacing
X by such a neighborhood, we find that Q% sy =0 and s is an isomorphism.
Then it follows from Theorem 3.2.3 that X — Y is smooth and unramified,
hence étale. [

3.3 Charts for smooth morphisms

The following theorem shows the local structure of a smooth morphism of
idealized log schemes.

Theorem 3.3.1 Let f: X — Y be a smooth (resp. étale) morphism of fine
log schemes and let v:Y — Aq be a chart for Y. Then étale locally on X,
fits in a chart for f

x— P A
/ Ay
Yy — o Aq

with the following properties:

1. 09 is injective, and the order of (P%/Q9%), is invertible in Ox (resp.
and P9 /Q9 is finite of order invertible in Ox ).

2. The map h: X — Y Xa, Ap induced from the above diagram is étale
and strict.
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Proof: First suppose that f is étale. Let T be a geometric point of X. Then
Q% )y (T) = 0, and it follows from (2.3.6) that k(T)@M)y5 = 0. Thus M)y -
is a finite abelian group whose order is invertible in k(7). Localizing X, we
may assume that this order is invertible in Oyx. Now Theorem 2.2.18 tells us
that v can be embedded in a chart for f which is neat at x, subordinate to a
morphism 6: ) — P. In particular, #9 is injective, and the map P%/Q% —
Mx/yz induced by  is bijective. Thus property (1) is certainly satisfied,
and it remains only to prove that the map

hiX — X' =Y xa, Ap

is étale. By (3.1.9), the map Ap — Aq is étale, and hence by (?7?), the base
changed map g: X’ — Y is étale. Since f = gh is étale, if follows from from
(3.1.2) that h is also étale. Since h is strict, h is also étale, by (3.1.6)

Now suppose that f is only smooth. Let us apply Theorem 3.2.4 to find,
after a localization, a diagram

!
f p
Y

in which f’ is étale. Since 7:Y — Aq is a chart for Y,

7=y xid: Y i =Y x Ane — Aq X Anr = Aqanr
is a chart for Y’. Now let us apply the case we have already proved to
find a chart for f’ subordinate to a morphism #:Q & N" — P satisfying

conditions (1) and (2). Let 0: Q — P be the composite of #’ with the inclusion
@ — Q @& N". Then 6% is injective, and there is an exact sequence:

0— Z" — P%/Q% — PP /(Z9 & Q) — 0.

Then the torsion subgroup of P% /@Y injects in the torsion subgroup of
P9/(Z9 & @), and hence has order invertible in Ox. Finally, observe that
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the two squares in the diagram

X . X' - Ap
f/
Y v
f Y, AQ@NV
Y Aq

are Cartesian, and hence so is the rectangle. Since X — X' is étale, (2) is
also satsified, and the proof is complete. O

Remark 3.3.2 The chart constructed in the smooth case of Theorem 3.3.1
may not be neat. Indeed, if f is smooth, it can happen that M )gg;y can have
torsion which is not invertible in O, and that a flat (not étale) localization
can be required before a neat chart exists. Should I  give

Kato’s example?
Corollary 3.3.3 Suppose that f: X — Y is an ideally smooth morphism

of idealized log schemes. Then étale locally on X, f factors as a composite
X =Yk =Y =Y, where Y — Y is ideally strict and log smooth and
Yk — Y is a closed immersion defined by a coherent sheaf of ideals K inY .

Proof: We may suppose that there exists a chart for f as in (3.3.1), and
we use the notation there. Let J’ be the ideal of P generated by J. Then
the map Xp  — Xq, s is ideally strict and log smooth, and hence the same
is true of the map Y’ — Y obtained from Xp  — X¢ ; by base change with
the map Y — X ;. Let I’ be the ideal of My, generated by I via the map
P — My+. Then the map X — Y’ factors through a strict map X — Y/,
which by (3.2.3) is étale. Hence this map is classically étale, and it is well-
known that we can Zariski locally find a classically étale map ¥ — Y’ whose
restriction to Y}, is X — YJ,. If we endow Y with the idealized log structure
induced from Y’, we see that X — Y — Y is the desired factorization. [
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3.4 Unramified morphisms and the conormal sheaf

Log étale morphisms and log immersions (??) are log unramified. A strict
morphism f is formally unramified if and only if f is, since Q% 1y = ~ Ol Xy

Lemma 3.4.1 Let f: X — Y be an unramified morphism of log schemes.
Then f is small, and MY, Xy 1S locally on X annihilated by an integer invertible
in Ox.

Proof: If x is a point of X, (2.3.6) says that k(z) ® MY/, is a quotient of
Qﬁ(/y( z), and hence vanishes. Since MY/, , is a finitely generated abelian
group, its free part must vanish and it is finite and of order prime to the char-
acteristic of k(z). Since this holds for every x and M¥, \/y Is quasi-constructible
(??), the same holds in a neighborhood of z. O

Theorem 3.4.2 Let f: X — Y be a log unramified morphism of fine log
schemes. Then étale locally on X, there exists a factorization f = goi where
g is log étale and i is an exact closed immersion.

Proof:  The proof is analogous to the proof (??) of the structure theorem
for smooth morphisms. It follows from the previous lemma and (I,??) that,
in an étale neighborhood of any point x of X, f admits a neat chart

X Ap

Y Aq

Let X' := Y Xaq Ap, let g: X — X' be the morphism induced by f and
X — Ap, and let 2’ := g(z). Then

Vs 2 O @ PPJQP = O My = 0,

Since QY Jy 18 of finite type, it vanishes in some neighborhood of 2/, in which
X' — Y is étale. Since X — Y is unramified, the same it true of the map
g: X — X', and since it is also strict, g is unramified. Then by the structure
theorem for unramified morphism [],7g can, étale locally on X be written
as a composite of a closed immersion and an étale map. The conclusion
follows. O
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The previous result can be used to construct strict infinitesimal neighbor-
hoods of a closed immersion, or, more generally, of an unramified morphism.

Theorem 3.4.3 Let Lognet denote the category of log unramified morphisms
f of fine log schemes, with morphisms f — f' given by commutative squares
For n € N, let Thick, be the full subcategory of Lognet whose objects are
the log thickenings of order less than or equal to n (?77). Then the inclusion
functor Thick, — Lognet admits a left adjoint (f: X — Y) — f.: X — Y,
(so that f and f, have the same source).

Proof:  We will need to use the fact that the notion of log thickening is local
for the étale topology, as we now explain. If : X — Y is a log thickening of
order n and f: X’ — X is strict and étale, then by [], there is a Cartesian
square

X Y’
/ g
X" .y

in which ¢ is strict and étale. Then i’ is a log thickening of order n and is
unique up to unique isomorphism. The log thickenings of order n thus form
a fibered category Thick,,x on the étale site of X, of which the fiber on an
étale X’ — X is the category of log thickenings X' — Y’ of order n, with
morphisms the morphisms of thickenings inducing the identity on X’.

Lemma 3.4.4 Let X be a fine log scheme and let n be a natural number.
Then the fibered category Thick,, on the étale site of X is a stack |[].

Proof: We have to prove that if f: X’ — X is strict, étale, and surjective,
then the inverse image functor

£*: Thick,, (X) — Thick,(X’/X)

from the category of log thickenings of order n of X to the category of log
thickenings of X’ endowed with descent data relative to f is an equivalence
of categories. The case of a Zariski affine open covering being immediate,
one reduces to the case in which X and X' are affine, with rings A and A’.
O
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]

Let i: X — Y be a log unramified morphism of fine log schemes, and let
i1: X — Y] be its first strict infinitesimal neighborhood. The ideal of X in
Y] is a square zero ideal, hence an Ox-module, called the conormal sheaf of
X in Y and denoted by Nx/y. It depends functorially on i: a morphism
from i: X' — Y’ toi: X — Y given by f: X’ — X and ¢: Y’ — Y induces a
morphism of thickenings #{ — 4; and hence a morphism f*Nx,y — Nx//y'.

If :X — Y is a strict closed immersion with ideal I, then N Xx/y 18
the usual conomoral sheaf I/ 2. Tt is also possible to describe N- x/y fairly
explicitly if ¢ is a closed immersion of fine log schemes, not necesarily strict.

Proposition 3.4.5 Let 1: X — Y be a closed immersion of fine log schemes,
let
K = Ker (i (M) — M)

and let
I = Ker(i_l((’)y) — (’)X).

Let R C Ox ® K be the abelian subsheaf generated by the set of all elements
of the form axi’(b)) ® (a/b) where (a,b) is a pair of sections of i~*My with
i’(a) = °(b) € My and ay(b) — ay(a) € I?>. Then R is in fact an Ox-
submodule of Ox ® K, and there is an isomorphism

(OX®K)/R—>N)(/Y

sending 1®k to the class of oy, (f?(k)) for any section k of K, where f1:Y; —
Y is the the canonical map.

To see that R is an Ox-submodule of Oy ® K, it suffices to check that
the described set of generators is stable under multiplication by elements of
Ox, and since every element of Ox is locally the sum of units, it suffices
to check stability by elements in the image of ax. Since i’ is surjective, we
may locally write such an element as axi’(c) for some ¢ € i1(Oy). Then if
(a,b) is a pair of sections of i~*(My ) satisfying the above conditions, (ac, bc)
is another, and

ax? (¢)ax (i’ (b) @ (a/b) = ax (i (be) ® (ac/be).

Since Ny/y is a square-zero ideal, 1 + Nx;y = Ny y. Define §(k) to be
am’(k)—1¢ Nx/y. If a and b are elements of :~!(My ) with the same image
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in My, then ay(a) and ay(b) have the same image in Oy, and a/b € K.
Furthermore,

ax(b)(6(a/b) = ay; (7" (b)(ay;w’(a/b) — 1) = ax(a) — ay(b).

In particular, if ax(a) — ay(b) € I?, then ax(b)d(a/b) =0 in Ny, y-.

4 More on smooth maps

4.1 Kummer maps

4.2 Log blowups
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Chapter V

De Rham and Betti
cohomology

One of the most important historical inspirations for log geometry is the the-
ory of differential forms with log poles. These have been used for a long time
to study the de Rham cohomology of an open subset U whose complement
in a smooth proper scheme is a divisor with normal crossings. This method
was used, for example, by Grothendieck in his original proof || of the compar-
ison theorem between Betti cohomology and algebraic de Rham comohology,
and also by Deligne in his treatment [| of differential equations with regular
singularities. It is no surprise then that logarithmic de Rham cohomology is
quite well developed, and that it gives a good idea of the geometric meaning
of log geometry.

By way of motivation, let us explain here the main results for a saturated
log scheme X which is smooth, separated, and of finite type over the complex
numbers. Our first task is to show that the universal log derivation d: Ox —
Q¢ (1.1.6) fits into a complex QY of coherent sheaves on X as well on
its analytic realization X,,. When the log structure on X is trivial, the
classical Poincaré lemma [| asserts that the corresponding complex Q" on
the analytic space X, associated to X is a resolution of the constant sheaf
C. This is no longer true if the log structure is not trivial. As a subsitute,
one constructs a de Rham complex Q5% on the Betti realization X, (3.1.1)
of Xjog, where the Poincaré Lemma does hold. The following statement
summarizes the main results.

Theorem 0.2.1 Let X/C be a saturated log scheme, smooth and of finite

223
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type over the complex numbers, and et X* C X be the open set of X
where the log structure is trivial. Then one has a commutative diagram of
isomorphisms:

: : a . any O doan C oo
H (X, Q) — H (Xan, Q") — H (X0, Q) «~— H'(Xjog, C)

e f g h

* * *
a

H (X", Qe o) o H (X, Q) =+ H' (X, Q19) < H'(X;

an’ log» log» C)
Our strategy will be the following. We prove that e, b, ¢, and ¢* are isomor-
phisms by local calculations. We deduce that h is a an isomorphism from
(), and b* is trivially an isomorphism. It follows that g and f are isomor-
phisms, and then that a is an isomorphism if and only if a* is. If X is proper,
Serre’s GAGA theorem [| implies that a is an isomorphism, and hence so is
a. On the other hand, if X* is separated, it can be embedded as a dense
open subset in some projective smooth Y/C such that the complement is a
divisor with normal crossings. Then the compactification log structure on Y
coming from the embedding X* — Y makes Y/C a smooth log scheme, and
the same diagram works for Y/C. Since Y/C is proper, the map a for YV is
an isomorphism, hence so is a*, and hence so is the morphism a for the log
scheme X.

1 The De Rham complex

1.1 Exterior differentiation and Lie bracket

Proposition 1.1.1 Let f: X — Y be a morphism of coherent log schemes
and for each i let Q' be the ith exterior power of Q/y. Then there is
a unique collection of homomorphisms of sheaves of abelian groups, callaed
the exterior derivative:

{d": }/Y — Qi;r/ly i€ N}
such that

1. d'd"~'w = 0 if w is any section of Qf;/ly, and d*dlogm = 0 if m is any
section of Mx.
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2. dH(wAW) = (dw) A"+ (=1) w A (FW') ifw € )y and W' € Q&/Y.

Proof: By Proposition (1.1.13) we may without loss of generality assume
that My is integral, and we identify a section of My with its image in
M{$P. The main point is the existence of dl:Q‘IX/Y — Qﬁ/y. Classically,
this is proved by checking compatibility with all the relations used in the
construction of Q% /y; this is somewhat tedious since d is not Ox-linear (2, 11,
§3]. It is more convenient to use the description (1.1.6) of Q% Jy as a quotient
of Ox ® M% by the abelian subsheaf Ry + Ry. The map : Ox x M¥ — Qg(/y
sending (a x m) to da Adlogm is evidently bilinear, and hence induces a map
of abelian sheaves

qb: OX ® M}q{p — Qg(/y.

If m is any section of My,
d(ax(m) @ m) = dax(m) A dlogm = ax(m)dlog (m) A dlogm = 0,

and if n is any section of f'M{¥ ¢(a @n) = da A dlogn = 0. It follows that
¢ annihilates all the elements in Ry + Ry, and hence that it factors through
a homomorphism of abelian groups d': QY — Q%/y. Then d(adlogm) =
da A dlogm for a € Ox. In particular, d(dlogm) = 0 and if a = ax(m),
dda = dax(m) A dlogm = 0. It follows that dda = 0 for any local section of
Ox, so (1) is satisfied for ¢ = 1. Furthermore, Qﬁqy is locally generated as
an abelian sheaf by sections of the form w = bdlog m, where b is a section of
Ox and m a section of M. If a is another section of Oy,

d(aw) = d(abdlogm) = (dab)Adlogm = (bda+adb) Adlogm = daAw+aAdw.

Hence (2) holds when i = 0 and o’ € QY,y. Thus we have constructed d°
and d' satisfying conditions (1) and (2). For 7 > 1 consider the map

Q%(/Y X Q%(/Y X "'Qﬁc/y - Qg;r/ly
(CL)l,(.L)Q,...wi) — Z<_1)]+1W1/\dw]/\wz
J
If @ is a local section of Oy, (awy,ws, .. .w;) maps to

S (=1 awy A rdwj A wp Hda Aw; - wg,
J
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and for any k, (wy,ws,...,aw, ...w;) maps to
ST(=1) M awr A dwj A rwi + (D) o Aws A da Awg A w;
J
In the last term above, the da is in the kth place, so this term is equal to

dawy N wg A -+ - w;.

Thus the map above is O y-multi-near. Since it clearly annihilates any i-tuple
with a repeated factor, it factors through a map d’: QY y QL Tt is easy
to check that this map has the desired properties. ]

In the classical case, the exterior derivative d: Q0 - — Q% corresponds
to a Lie-algebra structure on the dual Tx/y. Let us verify that the same
holds here.

Proposition 1.1.2 Let f: X — Y be a morphism of coherent log schemes
and let Tx/y := Derx;y(Ox). Then Tx/y has a structure of a Lie algebra
over f~1Oy, with Lie bracket defined by

[(Dh 51), (D27 52)] = ([Dh D2]7 D10y — D251).
Ifwe QAIX'/Y and 81782 € TX/Y7 then

(dw, 81 A 82> = 81<w, 82) — (32(00, 01> — (w, [81, 02]>

Proof: O

1.2 De Rham complexes of monoid algebras

Since smooth morphisms of log schemes are locally modeled by morphisms
of monoid schemes, it is both useful and instructive to have a good picture
of the de Rham complexes of arising from morphisms of monoids. Since
the de Rham complex in this case is invariant under the group action, it is
equipped with a canonical grading. Although the group action and grading
are destroyed by localization and do not exist even in the local models, they
are extremely revealing and useful.
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Let 0: (Q — P be a morphism of fine monoids and let R be a fixed ring.
We suppose for simplicity of notation that 69 is injective, and write

m: PP —s PP Q9P
for the natural projection. Then # induces a morphism of prelog R-algebras
(@ = RIQl) — (P — RIP)),
and hence a corresponding map of log schemes
X—=Y =Apr - Aq.

According to Theorem 3.1.8, X — Y is smooth if and only if the order of the
torsion part of Cok(697) is invertible in R. Let us also assume this from now
on. In particular, R®z P% /Q% is a free R-module of finite rank. As we saw
in (1.2.1), the sheaf of Kahler differentials QY - is the quasi-coherent sheaf
of Ox-modules associated to

g = RIP| & P7/Q7,
and d: Ox — Qk/y on global section is given by
d:e? € R[P] — e’ ® w(p) € R[P] ® P/Q7.

In particular, if Q}D/Q is endowed with the P9%-grading in which P% /Q% is
assigned degree zero, the map d preserves degrees. In the same way, Q% Jy 18
the quasi-coherent sheaf associated to the P%-graded R[P]-modules

b = RIP) & NP7 /Q,
and we find the following:

Proposition 1.2.1 Let 0: () — P be a homomorphism of fine monoids such
that 697 is injective and the torsion part of Cok(69?) is invertible in R. Then
the De Rham complex p , associated to §: () — P is a P-graded complex of
free graded R|P]-modules, generated in degree 0. In fact, it admits a direct
sum decomposition

Qo = @ (A PP/Q”, m(p)A),

peEP
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where (A" P9 /Q9% dpA) is the exterior algebra on P9 /Q9% with differential
given by exterior multiplication by the image w(p) of p in P9 /Q9%. Further-
more, the exterior multiplication

Do ® U — Ul

is compatible with the grading.

Proof: Each element w of %, /o can be written uniquely as a sum

w=)Y e Q@uw, where w,€ N'(P%/Q%)
peP

Thus w), is the homogeneous component of degree p of w. Since the elements
of P9 /()% are all closed, so is each w,. Hence

d(ePwy) = de? N w, = e’m(p) A wp.
[

Since the differentials of the de Rham complex preserve the grading, the
cohomology modules are also graded. The proposition shows that the differ-
ential in degree zero vanishes, and so the cohomology in degree zero is easy
to describe.

Corollary 1.2.2 With the hypotheses above, there is an injection:
0: RO N PP /Q% — Hyp(P/Q) := H (Qpq),

induced by the natural map P9% /Q% — Q}D/Q and compatible with the alge-
bra structures on both sides. In fact, o is an isomorphism onto the homoge-
neous component of H'(Qp,q) of degree zero.

Suppose now that R contains a field, so that it make sense to speak of the
characteristic of R. In this case it is easy to compute Hr(P/Q) explicitly.
Indeed, if k is the prime field contained in R (either Q or F,), then mor-
phism Ap — Aq over R is obtained by base change from the corresponding
morphism over k. Since the differentials of the de Rham complex {1y - are
k-linear and k is a field, its cohomology over R is obtained by base change
from its cohomology over k. then it is clear that H% 5(P/Q) is obtained from
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the cohomology of the corresponding objects over k by base change £k — R.
In particular, the basis element e for the degree p component of R[P] lies
in H),(P/Q) if and only if 7(p) maps to zero in in k ® P9%/Q%. In the
characteristic of R is zero, k = Q, and 1 ® 7(p) = 0 if and only if some
positive multiple of m lies in Q9. On the other hand, if the characteristic of
Risp, 1®m(p) = 0if and only if p € pP% + Q9. This leads to the following
result.

Proposition 1.2.3 With the hypotheses of (1.2.1), let

(P/Q)st :={p€ P:3In>0:npe T},

and if p is a prime number, let

(P/Q), == PN (pP?+ Q).

If R has characteristic zero, the map o and the canonical inclusions induce
isomorphisms:

R[(P/Q)«] ® A PP /Q? — Hpp(P/Q).

If R has characteristic p > 0, ¢ and the inclusions induce isomorphisms:

R[(P/Q)p] @ A" PP /Q% — Hpp(P/Q).

Proof: Let us write Q for the monoid (P/Q)s if the characteristic is zero
and for (P/Q), if the characteristic is p. Thus R[Q] = HYx(P/Q) in both
cases, and the cohomology groups are modules over this ring. This explains
the existence of the arrow. We check that it is an isomorphism degree by
degree. If p € Q, then 7(p) =€ R ® P%/Q% and the differential of the
complex in degree p vanishes, so the map is an isomorphism. On the other

hand, if p € @Q, we claim that the degree p term of the complex Q}D/Q is

acyclic. It suffices to prove this when R is a prime field. If p & Q, 7 (p) is not
zero in the R-vector space V := R® P9 /Q% and hence is part of a basis for
V. The degree p term of the complex is just the exterior algebra A"V, with
differential multiplication by v. This complex is well-known to be acyclic,
but it is valuable to have an explicit proof. Since v is part of a basis for V,
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there exists a homomorphism 0:V — k such that d(v) = 1. Then interior
multiplication by 0 defines a map of degree —1

s: ANV —- AV,
Then for w € A"V,

(ds + sd)(w) = vAs(w)+s(vAw)
= vAs(w)+ s(v)w—ovAs(w)

= W.

Thus the identity map of the complex V' is homotopic to zero, and hence V'
is acyclic. O]

Corollary 1.2.4 Suppose that R has characteristic zero and P is a fine
monoid such that the order of the torsion group of P is invertible in R.
Then the natural maps:

RIFJ@ N (P?) —
RIPP] @ A" (PP) — Qo

are quasi-isomorphisms. In particular, if P is saturated, the map
Qp/r = Qporyr
is a quasi-isomorphism.
Proof: The statement for P is a special case of (1.2.3), and the second
statement follows, after replacing P by P9. When P is saturated, the map

P — P9% induces an isomorphism on torsion subgroups P} — PP (1.2.3),
and so the map 2, 7 B Qpgp /R s a quasi-isomorphism. O

Remark 1.2.5 The corollary can be interpreted geometrically as follows.
The morphism P* — P9 of finitely generated abelian groups induces a
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commutative diagram of group schemes:

Apgp

Apfp

Ap. Apéﬁ

The groups on the right are just the groups of connected components of the
corresponding group schemes. Thus the corollary says that the map on de
Rham cohomology is an isomorphism if and only if these two group schemes
have the same connected components. For example, this is not the case for
the monoid given by generators x and y and relations 2z = 2y.

Corollary 1.2.6 Suppose that R has characteristic p and P is a fine monoid
such that the torsion subgroup of P% has order prime to p. Then the map

R[P N pP) @ AP — Qp

is a quasi-isomorphism. In particular, if P is saturated, then the pth power
map P — P induces a quasi-isomorphism:

R[P]® A" P% — Qp .

[

The calculation of the cohomology given in the proof of Proposition 1.2.3

was done homogeneous degree by homogeneous degree. Since the grading on

the monoid algebra R[P] is destroyed by localization, it will be important to
give a variation of the method that is more geometric.

Definition 1.2.7 Let #:() — P be a morphism of integral monoids. A
homogeneous flow over 6 is a homomorphism of monoids h: P — N such
that 0(q) = 0 for all ¢ € Q. A homogeneous vector field homogeneous vector
field over 0 is a group homomorphism 0: P% — Z such that 0 o #9% = 0.

Remark 1.2.8 It is clear that the set Hy(P) of homogeneous flows over
6 forms a submonoid of the dual monoid H(P) (2.2.1) of P. There is an
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evident homomorphism from Hy(P) to the the group 7y of homogeneous
vector fields over . Note that if h € Hy(P), then then h(p) = 0 for all
p belonging to the face F' of P generated by the image of 6, so h factors
through P/F. On the other hand, if P is fine, then it follows from (2.2.4)
that H(P/F)® = Hom(P% /F%, Z) C Tj..

Let 0: P9 — Z be a homogeneous flow over . Then
id ® 9: R[P] ® Cok(6%") = Qg /p — R[P]
is an R[P]-linear map which we also denote by 0. Thus
d(ePdq) = €?0(q) for p,qe P

and is a vector field in the usual sense. Any two such homogeneous vector
fields commute with each other under the bracket operation [16, 1.1.7] For
any i, interior multiplication by 0 is the unique R[P]-linear map

5:9},/Q—>Qi§/é:w1/\~~ Z|—>Z D 0(wj)wr A @i Ao wy
Then &:Q — Q1 is a derivation of degree —1, i.e., it satisfies

Classically, if X/S is a smooth morphism of schemes, a vector field on
X/S is a section 0 of the dual of Qy ¢ and induces a linear derivation

§: Ny — 0 );/1Y
as above. The Lie derivative with respect to 0 is by definition the map

Ki=d§+&d: Qyy — Qyy

Lemma 1.2.9 Let 0: P9%/Q% — Z be a homogeneous vector field over 0,
let

& Qpjq — Vo

be the corresponding R[P]-linear derivation of degree —1, and let

Ki=d§+&d: Qpg— Qpg-
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I Ifa € Q% and B € Q)

E(anf) = E(@AB+(=1)"ané(B) and  k(anB) = w(a)AB+ank(B),
i.e., & and k are derivations of degree —1 and 0, respectively.

2. & d, and Kk preserve the P-grading of Q}D/Q. In particular, x is an
endomorphism of the P-graded complex {1}, ol and for p € P,

Kp: QlI'D/Q,p - QZ]'D/Q,p = a(p)a

Moreover, k induces zero on the cohomology modules of €1}, /0

Proof: The formula (1) for £ is an immediate consequence of the definition,
and the formula (1) for s follows by a computation which we leave to the
reader to verify. Of course, k is automatically a morphism of complexes and
induces zero on cohomology since it is visibly homotopic to zero. To compute
%, let w be any element of R®A’ Cok(?) = Qf . We have already observed
that dw = 0. Since 9 is homogeneous, ¢(w) € R ® A1) so déw = 0. Since
Edw = 0 as well, it follows that x(w) = 0. This proves the formula when
p = 0. On the other hand, if 2 = 0 and p is arbitrary,

r(e’) = dée” + £de? = 0 + {(e” @ m(p)) = €’0(p),

which again is consistent with the formula in (2). For any p and i, Q% QO
is spanned as an R-module by elements of the form efw with w € Q) 10,0°
Hence

k(ePw) = k(P )w + €Pk(w) = I(p)ePw + 0.

This proves (2) in general. O

Corollary 1.2.10 Suppose that in the above lemma, 0 is induced by a ho-
momorphism of monoid h: P — N, and let p := h™'(NT). Then the image
of

is contained in pQ}D/Q.
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We shall use the lemma above to prove the acyclicity of various subcom-
plexes of the de Rham complex Q} /o and eventually of their localizations in
the étale topology. We illustrate this technique with the subcomplexes com-
ing from ideals in the monoid P, or more generally, fractional ideals K C P9,
(Recall that a fractional ideal is a subset of P9 which is stable under the
action of P; it is not necessarily a submonoid of P%).

Proposition 1.2.11 Let 0: () — P be a morphism of monoids satisfying the
hypothesis of 1.2.1 and let K C P9 be a fractional ideal. For each 1, let

KQp g C© Qporjgor = RIPP] @ A’ Cok(P7/Q7)

denote the R-submodule generated by the elements of the form efw with

k€ K andwe R® A'PPQ%. Then in fact KQp, is an R[P]-submodule
of Qby, JqQuws and
is stable under d and under interior multiplication by any vector field in Tpq.

Proof:  The fact that KQp, is stable under multiplication by R[P] follows
from the fact that K is stable under translation by P. For any k,w,

d(e*w) = de* N w + eFdw = eFdlogk A w,

and it follows that K Q}D/Q is stable under d. A vector field £ induces an
R[P9)-linear map &: Q' — R[P], and then (writing £ also for interior multi-
plication by itself):

E(eFwr A -+ wh) = (W A -+ W),

so K(lp q is also stable under &. O

Lemma 1.2.12 Let 0: () — P be a morphism of fine monoids and let K C P
be an ideal. Then the following conditions are equivalent.

1. For each k € K, there exists an h € Hy(p) such that h(k) # 0.

2. K is disjoint from the face I’ of P generated by the image of 6.
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3. K is the inverse image of a proper ideal K' of the quotient monoid
Cok(0).

4. There exists an h € Hy(P) such that h(k) # 0 for all k € K.

An ideal satisfying these conditions will be called horizontal.

Proof: If h € Hy(P), then h(f) =0 for all f € F, so (1) implies (2). If (2)
is true, then K is the inverse image of the ideal it generates in the localization
Pr of P by F, and hence by the ideal it generates in Pr = P/F. Since the
map P — P/F factors through Cok(f) of 0, K is also the inverse image of
an ideal of Cok(f); this ideal must be proper since K is proper. Since P and
@ are fine, Cok(f) is also fine (??), and hence by (2.2.2) there exist a local
homomorphism h': Cok() — N. Since K’ is proper, it contains no units of
Cok(#). Then the composite h of ' with the projection P — Cok(f) satisfies
(4). The implication of (1) by (4) is trivial. O

Corollary 1.2.13 Let #: () — P be a morphism of fine monoids, let K C P
be a horizontal ideal, and let FQp,, be a P-graded subcomplex of p
which is closed under interior multiplication by the vector fields coming from
horizontal flows. Suppose that R has characteristic zero, and let h € Hy(P)
be a horizontal flow with h(k) # 0 for all k € K. Then the Lie derivative
k= d§ + &d corresponding to h induces an isomorphism of complexes

In particular, KQ},/Q N FQ},/Q is homotopic to zero and acyclic.

Proof: We have already seen that K2, is stable under the exterior
derivative d and by interior multiplication . If F'Qp ) is also stable under d
and &, then the same is true of their intersection. Now Lemma 1.2.9 implies
that  is multiplication by h(k) in degree k of the complex K}, /0 and hence
also in degree k of the subcomplex K€y o NFQp . Since h(k) #0€ QC R,
k is an isomorphism. This certainly implies that K}, o N FQp, /o 18 acyclic;
to see that it is even homotopic to zero, we can argue further as follows. Note
that kK& = &k = &dE, and let

= =k KO NFQp o — KON FQ%.
Then d¢’ + ¢'d = id. O
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Example 1.2.14 For each p € P, let
7}/Q’p = Im(R ® A{p)%? — R® A Cok(Qgp)) C Q}/Qp,

where (p) is the face of P generated by p.

1.3 Algebraic de Rham cohomology

Our first goal is the proof that the arrow e in the diagram of Theorem 0.2.1
is an isomorphism. In fact we shall prove a more precise statement, using the
language of derived categories. Our method will be to sheafify the techniques
of the previous section, replacing the P9%-grading of R[P9] used there by
filtrations by R[P]-submodules. For simplicity, we work over an affine base
scheme S = Spec R with trivial log structure.

We begin with some preliminary remarks.

Lemma 1.3.1 Let X/S be a fine log scheme, locally of finite type over S,
and let £ be a vector field on X/S, i.e., a homomorphism Q}X/S — Ox. Let
X be the underlying scheme X with trivial log structure, and let

Ie = Im(Q g — Q)5 —— Ox).

Then I is a quasi-coherent ideal of Ox-modules in the étale topology on X,
and is the Ox-ideal generated the image of the derivation £ o d: Ox — Oyx.

Proof: Let f:U — X be an étale map. Since f is étale and strict, the map
f*Q% s — Qs is an isomorphism, and since f is flat, it follows that the map
[l x — Iy is an isomorphism. This shows that /¢ forms a quasi-coherent
sheaf of ideals for the étale topology. Since Q% /s 1s locally generated as an
Ox-module by sections of the form da, for a a section of Ox, I¢ is locally
generated by sections of the form £(da). O

Lemma 1.3.2 Let P be a fine monoid, X := Ap, let K C P9 be a fractional
ideal, and for each q € N, let K% g C j.{2%. s be the quasi-coherent sheaf
of Ox-modules corresponding to the R[P]-module KQ%, defined in (?7).

1. The family Ky, g is closed under the exterior derivative d and under
interior multiplication & by any vector field in I'(Tx/s).
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2. Let J C K be a fractional ideal contained in K and let £ be a vector
field such that I K C J. Then k = d§ + {d acts Ox-linearly on the
quotient KQy s/ J Q-

Proof: Let f:U — X be an étale map. Since interior multiplication & is
Ox-linear, K€, is certainly stable under £. Every section of K Qf /g can
locally be written as a sum of sections of the form aw, where a is a section of
Oy and w is a section of f‘l(KQ%/S) Since d(aw) = da A w + adw, and since
KQp is stable under d by (?7?), it follows that d(aw) belongs to K QqUJ;; This
proves (1). In this situation of (2), suppose that a is a section of Ox and w
is a section of KQ% . Then r(aw) = k(a)w + ar(w). But k(a) = ¢(da) € I,
so k(a)w € JQ%/q, and k(aw) = ar(w) (mod JOY ). O

Theorem 1.3.3 Let X/S be a smooth morphism of log schemes, where X is
fine and saturated and S is a noetherian Q-scheme (with trival log structure).
Let j: X* — X be the inclusion of the open set of triviality of the log structure
of X. Then the natural maps

QX/S —_— ]*QX*/S - RJ*QX*/S

are isomorphisms in the derived category of abelian sheaves on Xy;.

Proof: Recall from (2.1.6) that the map j: X* — X is a relatively affine
open immersion. Then if E is any quasi-coherent sheaf on X, R?j,E = 0 for
all ¢ > 0. Thus the sheaves comprising the complex (2. /s are acyclic for j,,
and it follows that the map j.Qy. g —> Rj.{. ¢ is an isomorphism in the
derived category |, |.

Since X/S is smooth and the log structure of S is trivial, the structure
theorem (3.3.1) says that locally on X there exists a chart for X/S subor-
dinate to a fine saturated monoid P such that the map X — Ap is étale.
Since the statement we are trying to prove is local in the étale topology, we
may as well assume that X = Ap. Then X = Spec(P — R[P]), Qé{/s is the
coherent sheaf on X corresponding to the R[P] ®g R ®z A'P%, and j,.QY% /¢
is the quasi-coherent sheaf on X corresponding to R[P%] @ R ®z A" P9,

explain why P is
saturated
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By Theorem (2.2.1), the dual monoid H(P) is finitely generated. Choose
a finite sequence (hy, ha, - - h,) of elements of H(P) which generate the cone
Cq(H(P)). For each I € Z", let

K':={pec P%:hi(p)>n;fori=1,...r}

Then K! C P9 is a fractional ideal of P, K 4+ K7 C K™/ for any I and
J, and K! C K’ if J < I in the order relation on Z" corresponding to the
submonoid N". Furthermore, by Corollary 2.2.3,

K%:={peP?:h(p)>0foral hec HP)}=P*=P,

since P is saturated.

Let K1Q3 be the complex of submodules of Q%,, defined by the fractional
ideal K7 as explained in (1.2.11), and let K7Q’ /s be the corresponding com-
plex of quasi-coherent subsheaves of j.(Q%. /s)- Of course, the boundary
maps of these complexes are only f~!(Og)-linear.

Proposition 1.3.4 If J <1 <(0,0,---0), the map
KIQ.X'/S — KJQX/S

is a quasi-isomorphism.

Proof: Suppose that J < I’ < I. Since the composite of two quasi-
isomorphisms is a quasi-isomorphism, if the proposition is true for the pairs
(J,I') and (I’,I), then it is also true for the pair (J,I). In this way we
reduce to the case in which there is an ¢ such that I = J 4+ ¢;, where
¢ = (0,---,1,---,0). Then K% := {p € P : h; > 0} is a prime ideal p,
of P. The exact sequence of complexes:

0— K'Qy g — K/Qx g — KOy g/ K'Qx /6 — 0

induces a long exact sequence of cohomology sheaves, and so it suffices to
prove that the quotient complex @)° on the right is acylic.

Interior multiplication £ by the vector field induced by h acts on all the
complexes in the exact sequence above, and in particular on the quotient @)".
By Lemma 1.2.9, d{e? = h(p)eP for all p € P, and this is nonzero if and
only if p € p;. Thus by Lemma 1.3.1, I is the quasi-coherent sheaf of ideals
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corresponding to p; R[P]. Since p, K7 C K!, k := df + £d acts Ox-linearly on
@', by (1.3.2). Hence x agrees with the map obtained by base change from
the corresponding operator x on K7/Q5 /K. This complex is graded, and
K preserves the grading. For any p € K7\ K, hi(p) = I;, and so by (1.2.9)
Kk is just multiplication by h;(p) on Q. Since R has characteristic zero and
I; < 0, k is an isomorphism. Thus the complex )° is homotopic to zero,
hence acyclic. O

A similar technique can be used to analyze the de Rham complexes com-
ing from sheaves of ideals.

Lemma 1.3.5 Let f: X — Y be a morphism of fine log schemes, let K C
Mx be a sheaf of ideals, and for each q let Kng/Y the abelain subsheaf of
Q% /y generated by sections of the form ax(k)w, where k is a local section of
K and w is a local section of w. Then Kng/Y is an Ox-submodule of ng/y,

and the exterior differential d maps Q% )y to Qg;;ly

Proof:  Recall (?7) that every local section a of Ox can locally be written
as a sum »_; u;, where u; is a section of O%. Then if £ is a section of K and
w is a section of Qg(/y,

aax (k)w = ax(uk)w.
Since the latter sum belongs to K ngy, so does any sum of elements of

the form aax(k)w. This shows that K is an Ox-submodule of Q% .
Furthermore,

d(ax(k)w) = ag(k)dlogk A w + ax(k)dw € KQ%;
0

Recall that if f: X — Y is a morphism of log schemes, Mx/y is de-
fined to be the cokernel (in the category of sheaves of monoids), of the map
f’f*My — My. We shall say that a sheaf of ideals K of My is horizontal if
it the inverse image of a sheaf of ideals of Mx/y.

Theorem 1.3.6 Let f: X — Y be a smooth morphism of fine log schemes
in characteristic zero, let K be a horizontal and coherent sheaf of ideals of
My, and let VK be its radical. Then the natural map

is a quasi-isomorphism.
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Proof: Let T be a geometric point of X lying over a scheme-theoretic point
x. It is enough to prove that the stalk of the map in the theorem is a quasi-
isomorphism at each such point 7. O

1.4 Analytic de Rham cohomology

Our first task is to describe the cohomology of the analytic stalks of the de
Rham complex of a smooth log scheme X over C. Notice first that the map
dlog: M — Q% sc factors through the sheaf Zy sc of closed one-forms.

Proposition 1.4.1 Let X/C be a fine and smooth log scheme over C. There
is a unique family of isomorphisms of sheaves C-vector spaces on X,:

{o:C® NTM" — HY(Qx/c) 1 q € N}
satisfying the following conditions:
1. When q = 0, the composite
0:C — HO(Q'X/C) — Oy
is the standard inclusion.

2. When q = 1, the diagram

Ao dlog
b'e

Zx/0

_ o .
MY —— H'(Qx/0)
commutes.

3. The family of maps o is compatible with multiplication.
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Proof: First we must show that the family of maps o is well-defined. This
is apparent when ¢ = 0. For ¢ = 1, note that on X, there is an exact
sequence of abelian sheaves,

exp

00— Z(1) — Ox —> M — MY — 0.
and the map exp fits into a commutative diagram

exp

Ox

MY —— MY
dlog o

Zxj/c — M (Qx/c)-

Then it follows that if ¢ > 1, there is a unique map AYM% — HI(Qy /C)
sending the class of my A ---m, to dlogmy A - --dlogm, for any g-tuple of
sections of M%. O

]

1.5 Filtrations on the De Rham complex

If F'is a face of P, the filtration it induces (1.5.5) also admits a convenient
graded description. If A is any P-graded R-algebra and F is an R-module,
then A®pg F has a natural structure of a P-graded A-module: its component
of degree p is just A, ®r E. Suppose we are given, for each p € P, an R-
submodule L,E of E such that, for p" > p, L,F C L,E. We call such a
collection of submodules a “P-filtration of E.” Then the image of

PAQLE—ARRE
p

is a P-graded A-submodule. In our case, A will be sufficiently simple so that
every submodule can be described in such a way. Namely, if A, is free of rank
zero or one for every p, and if M C A ®g E is a P-graded submodule, then
for each p € P, its component of degree p can be viewed as an R-submodule
L, of E. This gives us an equivalence between P-filtrations on F and graded
P-submodules of A ®p E.
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Definition 1.5.1 Suppose that F' is a face of P. Forp € P, let L,(F)\ (P% /Q%)
be the subgroup generated by all the elements of the form dp;, A - - - dp; such
that there exist k € N and f € F such that kp+ f > p1 + -+ - p;.

It is clear that L'(F) defines a P-filtration on AJ(P9%/Q%), and hence a
P-graded submodule.

Note that for each p € P, if (p, F') is the face of P generated by p and F,
then L} (F) is just the image of the natural map

Ai<p, F>gp ®Q NTtpr Ajpgp/Qgp.
The proof of the following lemma is then straightforward.

Lemma 1.5.2 With the above notation, if F is the sheaf of faces on X corre-
sponding to F, then the quasi-coherent sheaf on X associated to L*(F)$ Iy

is L'(F)Q,y. The differential d of ¥, send L'(F) into L'*'(F), and if 0
is a homogeneous vector field for 0, interior multiplication by 0 maps LY(F)
to L'"Y(F). Let L(F) denote the décalé of the filtration L(F'). Then

L(F)ZQJX/Y = L(F)H_jQJX/Y
and interior multiplication by any homogeneous vector field over 0 preserves

the filtration L(F).

Corollary 1.5.3 Suppose that S = Spec(N" — Z[N']). Then the natural
map gz — Q)7 is an isomorphism.

Proof: Since S/Z is smooth Qzﬁ /7.1 locally free, and it follows that the map
Oz — J-s. g is injective. Hence the map Qf , — Q5 is also injective.
Let (eq,---e,) be the standard basis for N". Then F; =: {ne; : n > 0} is the
face of N" generated by ¢;, and if p = (py,- - - p,) € N7, the face (p) generated
by pis > {F; : p; > 0}. Then

A(p) = P{F), @ - Fy, : ps, > OVi},

which admits as a basis {de; : pj, > 0Vi}. Then Qfx/z in degree has basis
{dey : pj, > OVi}. Write z; = €(e;), and observe that

e(p)dey = ¥ - xPrdey A ---de, = 2871 aPr Yy A - - - da,

This proves that the map Qzﬁ P Qfg/z is surjective. n
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Throughout this section we let f: X — Y be a morphism of log schemes;
we assume f is quasi-compact and quasi-separated. Our goal is to show how
the combinatorics of the toroidal geometry associated with the log structure
is reflected in the De Rham complex of X/Y. These combinatorics manifest
themselves through two sheaves of partially ordered sets: the sets of ideals
and faces of M.

Proposition 1.5.4 If J C My is a sheaf of ideals of Mx, let JQfX/Y be the
subsheaf of Yy, generated by all sections of the form ax(m)w with m € J

and w € y,y. Then the exterior derivative maps Jy y to JQY ., so that
JQy )y forms a subcomplex of Yy . If the log stuctures Mx and Mx are
coherent and J is a coherent sheaf of ideals, and f is of finite presentation,

then each J sy 18 quasi-coherent.

Proof: [

The filtrations defined by sheaves of faces are more subtle. To motivate
the constructions, consider first the case in which X is endowed with the log
structure arising from a relative divisor with normal crossings on a smooth
X over Y. Then X — Y is also smooth, and we would like to understand the
Leray spectral sequence of the map j: X — X. If j were also smooth, this
could be done using the Koszul filtration associated with the morphism Q% —
Q% /y- Our construction is based on a modification of this construction.

It seems more convenient in the calculations which follow to use additive
notation for the monoid law of Mx. Hence we write A for the inclusion
O% — Mx and d instead of dlog for the map Mx — Q% .

Definition 1.5.5 Let f: X — Y be a morphism of log schemes and let F' be
a sheaf of faces in Mx. If m is a local section of Mx, let F'(m) denote the
sheaf of faces of Mx generated by F' and m.

1. IN/'(F)Q&/S C ngs is the subsheaf of abelian groups generated by the
local sections of the form a(mg)dmy A ---dm; such that at least i of
the elements (my, - - - m;) belong to F(my).

2. LNF)SYy g = LM(F)Q g, and L := L(O%);

3. @ 5(F) = LO(F)Q g, and Qg =: L0 g
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Note that L is just the décalé [, ] of the filtration L. We shall see that if
X is the log scheme associated to a toric variety over a field (?7), QY is
the sheaf of differentials defined by Danilov [].

Remark 1.5.6 In fact, F'{my) is the set of sections m of My such that there
exists k € N and f € F with kmg + f > m. Hence L'(F)Q,g C Qs is
the subsheaf of abelian groups generated by the local sections of the form
a(mg)dmy A---dm; such that there exist a k € N and f € F with km+ f >
my My

Proposition 1.5.7 Let F' be a sheaf of faces in Mx.

1. Li(F)Qg(/Y (resp. f/Z(F)QJX/Y) is a sheaf of Ox-submodules of Qg(/y
containing the image of Q% Xy (resp, if i < j).

2. The exterior derivative maps L"(F)Qﬁ(/y to L+ (F)Q %y and L'(F )Qg(/y
to L'(F)Q5 .

3. The exterior product maps ZNLi(F)Qg(/Y X f/(F)Qg;/Y to ZNLZ'”'(F)Q?/Y
and L'(F)Q 5, x LY (F)Q%,y to L (F)Q),

4. Interior multiplication by an element of Tx;y maps ly(F)Q‘;(/Y to
LY (F)Q%y and L'(F)Q,y to LY.

5. Suppose [ is locally of finite presentation, that X and Y are fine, and
that F© C Mx is relatively coheren. Then Li(F)QJX/Y and Li(F)QJX/Y
are quasi-coherent.

Proof: Any element of Li(F )QJX sy is a sum of elements of the form w :=
ax(mg)dmyA- - - dm;, wheren (mg, my, - - - m;) is a sequence of sections of My
such that there exist k € N and f € F with kmo+f > mq1+---m;. If m is any
section of Mx, k(mg +m)f > my + ---m;, and hence ax(m)w also belongs
to LZ(F)QX/Y In particular, f/'(F)QJ)'(/Y is stable under multiplication by
sections of O%. Since any section of Ox is a locally a sum of sections of O%
and Ll(F)Qﬂ( v 1s a subgroup of QX/Y, it follows that L’(F)QJX v is stable
under rnultrphcatlon by Ox, and i.e. is an Ox-submodule. Furthermore

dw = a(mg)dmo A dmy - - - A dm;,
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and since (k + 1)mg + f > mg + - - - m;, we see that dw € Li“(F)QJ;;ly. If
(mg, my, - - m’) is another sequence of sections and k'mg+ f' > m/ +---mj,,
then o' =: ax(my)dmy A ---dmj is a typical element of [N/(F)Qﬁ/y, and
since (k+ k' )(mo+my) + f+ f > mi+---m; +m) +---ml, we see that
wAW € L”"(F)QJXJ;JY Note that QY ;- is generated by sections of the form
u~'du = d\(u) for u € O%, and since A(u) < A(1), the image of each of
these in Q% in fact bglongs to 4L1(F)Q§(/Y. It follows that Lj(F)QJX/Y
contains the image of %y — @)y If w = ax(me)dmi A ---dm; with
kmo+ f > mq+---m;, and if 6 is a section of Hom(Qﬁ(/Y, Ox), then interior
multiplication by 6 takes w to

> ax(mo)(=1)"10(dm,)dmq A - ding A -+ - dmy,

which evidently belongs to Lifl(F)Qg(_/ly.

Now suppose that X and Y are fine and F' is relatively coherent. To prove
that L'(F )Q{X sy 18 quasi-coherent we may suppose that X = Spec A is affine,
that §: P — My is a chart for My, and that G C P is a relative chart for
F. Let v =:ax o3, let B9 = T'(X, L'(F)Q% ), and let @ =: T'(X, Q% ).
If E' is the quasi-coherent sheaf associated with E%, we shall prove that
the natural map EY — Li(F )Q&/Y is an isomorphism. Since EY C (¥,
B C /vy and so we need only prove the surjectivity. If z € X, it will
suffice to prove that the map EY®0Ox , — L'(F )QJX /v, 18 surjective. Suppose
that w = ax(mo)dmy A ---dm;, where the m;’s belong to Mx, and where
kmo+ f > mq +---m;, with f € F,. For each n = 1,...7 we can find a
u, € 0%, and a p,, € P such that m,, = 3(p,) + A(u,), and we can also find
p' € P and v € O, with f = A(v) + 8(p'). Since each u, is a unit in Ox,,
for each n there exists an element a,, of A which maps to a unit in Ox , and
an element w, of QY such that a,dloguy is the image of w, in Qﬁ(/y@q. We
can also find elements @y and by of A mapping to units in Ox, such that
(ap)zuo = (by)z- Now if a is the product of all the a;’s, we find that

aw = (agy(po)uo)(ardB(p1) + ardloguy) A - -+ (a;dB(p;) + ajdlog uy)
= (o) (bo)z(a1dB(p1) + wia) A - (a;dB(p;) + wja)
Let S denote the set of all elements of P which map to units in Mx, and

let Ps be the localization of P by S. Then the map 3,: P — Mx, factors
through a map Ps — Mx,, and since Pg — My, is still a chart, it follows
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that the induced map Ps — M x, is an isomorphism and that Ps — My,
is exact. Since B,(kpo +p') = Bo(p1 + ---p;), this relation must also hold
in Pg, and hence there exists an s € S such that kpg +p' +s > p1 + - p;
in P. Furthermore, the inverse image of F, in Ps is the face generated by
the image of G, and since p’ maps to an element of this face, there exists
an element s’ of S such that ¢ = s’ +p' € G. Then k(py + s) + g =
kpo+ks+s +p > pi+---p;, and it follows that v(po+s)dB(p1) A - - - dB(p;)
belongs to E¥. By the same token, if (p],.. .p;,) is any subsequence of
(p1,---p5), Y(po+s)dB(py) A- - - B(p)y) belongs to E'7' where i’ =:i—(j—7j').
We have

v(s)aw = y(po + 5)(bo)x(@1dB(p1) + wiz) A -+ (a;dB(p;) + wja),

and since each w, , belongs to E', v(s)aw € EY. But ay(s) maps to a unit
in Oy, and hence w is contained in the image of £ ® Ox . O

1.6 The Cartier operator

It is not surprising, perhaps, that the logarithmic point of view makes the
Cartier operator seem more natural.

Theorem 1.6.1 Let f: X — Y be a morphism of fine log schemes in char-
acteristic p > 0. Let F'x denote the absolute Frobenius endomorphism of X.
Then there is a unique O x-linear morphism

g. Q%(/Y - FX*ﬂl(Q.X/Y)

mapping 1 ® dlogm to the class of dlogm for every m € M. This extends
uniquely to a family of morphisms

o Qg{/y - FX*ﬂi(QX/Y)

which is just the pth-power map when @ = 0 and which is compatible with
wedge product.

Proof: The uniqueness of o on QY sy follows from the fact that Qﬁqy is
locally generated by the elements of the form dlogm (?7). Furthermore, one
o is defined on Q% /y» it evidently extends uniquely in a way compatible with
wedge product and Frobenius. Thus we need only prove the existence, in
degree 1. The existence depends on the following well-known lemma.
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Lemma 1.6.2 Let X/Y be a scheme, let f and g be sections of Ox, and let
p be a prime integer. Then fP= df + g?~'dg — (f + g)P~*(df + dg) is exact.

Proof: 1t suffices to prove this when X = SpecZ[z,y|, Y = SpecZ, and
f =z,9=1y. Thereis a unique z € Z[z,y| such that (z +y)? — 2P — y? = pz.
Then (x + y)?~Y(dx + dy) — 2P~ dx — yP~ dy = d=. O

The lemma implies the map D: Ox — ﬂlFx*(Q}(/Y) sending f to the co-
homology class of Fx.(fP~df) is a group homomophism. For m € My,
let 6(m) be the class of Fyx.(d(m)) in ﬁl(FX*Q'X/Y). Then § defines a
homomorphism of sheaves of monoids Mx — H'(Fx.QYy/y), which evi-
dently annihilates f~'My. We claim that (D, d) is a log derivation of X/Y
with values in ﬂl(FX*Q'X/Y). According to (?7?), it suffices to verify that
Dax(m) = ax(m)d(m) for every m € Mx. In fact, writing [w] for the
cohomology class of w, we have:

Dax(m) = [Fx.(ax(m)’ 'dax(m))]
[Fx.(alx (m)dlog m]
ax(m)[Fx.(dlogm)]
ax(m)d(m

as required.
By the universal property of Q% Iy there is a unique Ox-linear map

Q%(/Y - HI(FX*Q}(/Y) = FX*HI(Q}(/Y)
sending dm to 6(m) for all m € My, and o is the adjoint to this map. [

In positive characteristic p, the sheaf T’y of derivations is not just a Lle
algebra, but also a restricted Lie algebra [|. We shall see that this is also
true for logarithmic derivations. The proof uses the following formula, valid
in any characteristic, which was made possible by help from Hendrik Lenstra
and the marvelous book [17].

Lemma 1.6.3 Let f: X — Y be a morphism of coherent log schemes, let
(D,d) be an element of Dery;y(Ox), and let m be a section of Mx. Then
for each positive integer n,

D™(a(m)) = ax(m) ZP 1;[ DI (m),

where P, is the set of partitions of the set {1,...n}.
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Proof: Let 6; := ¢, and for n > 1 define §,, inductively by
dn(m) :=0(m)d,_1(m) + Dd,_1(m).
Then when n = 1, it follows from the definition of a log derivation that
D"ax(m) = ax(m)d,(m)
for any m € Mx. If the above equation holds for n, then

D""lax(m) = Dax(m)d,(m) + ax(m)Dd,(m)
(m)d(m)o,(m) + ax(m)DE,(m)

= ax(m)d,11(m).

Thus D"ax(m) = ax(m)d,(m) for all n, and it remains to prove that

6= [[D"os

TeP, SET

for every n. This is trivial for n = 1 and we proceed by induction on n.

For each m € P,, let m* be the partition of {1,...n + 1} obtained by
adjoining {n + 1} to m, and for each pair (s,7) with 7 € P, and s € T,
let 75 be the partition of {1,...n + 1} obtained by adding n + 1 to s. Let
P :={n*:me€ P,} and P} := {m, : s € w}. In this way we obtain all the
partitions of {1,...n+ 1}, and so P, can be written as a disjoint union of
sets

Py =P (P 7 eP)

By the definition of d,, and the product rule,

Suii = 0-0,+ Do,

- Z HD|S|7105—|—DO Z HD|S|7105

weP, s€T TeP, s€m
= Y JI[oD* 1 o5+ > 3 JI(D"os) (D1 o4)
TeEP, SET TEP, s'em\{s} s€™
= D=1 6§+ D145
w;n tgr[* tewze:Pn tgs
= DEl=lo s
WE%-H tI;!r



1. THE DE RHAM COMPLEX 249

Proposition 1.6.4 Let f: X — Y be a morphism of coherent log schemes
in characteristic p. Then Tx/y has the structure of a restricted Lie algebra,
with pth power operator defined by

(D,0)®) = (DP F 064+ DP"L o).

Proof: 1f 7 is any element of P, and |7| = r, choose an ordering (s1, sa, . . . 5;)
of m with [s;| > |sa|...|s.|, and let I(m) =: (s1],]|s2],...|s:|). Then I(n7) is
independent of the chosen ordering, and 7 +— I(m) is a function from P, to
the set of finite sequences I of positive integers. Its (nonempty) fibers are
exactly the orbits of P, under the natural action of the symmetric group S,.
For each sequence I, let ¢(/) =: |[{m € P, : I(w) = I}|. Then the formula of
(1.6.3) be rewritten

D'ax(m) = ax(m)>_ c(I) H DL=t5(m).

1

The cyclic group Z/nZ acts on P, through its inclusion in S,; it is clear that
the only elements of P, fixed under this action are the two trivial partitions,
with n elements and with 1 element, respectively. In particular, if n = p is
prime, all the other orbits have cardinality divisible by p. Thus modulo p
the formula reduces to

DPax(m) = ax(m)d(m)? + ax(m)D?1§(m).

Let
6P (m) == 6(m)P + DP~16(m) = (F 0§ + DP~ 0 §)(m)

Then §®): My — Ox is a homomorphism of monoids and (DP,5®)) is a
logarithmic derivation.
OW) =: (D, §P)) is again a logarithmic derivation.
7777 Furthermore, the axioms for a restricted lie algebra, as well as 77,
will hold, by the general formula of Hochschild [11, Lemma 1].
O]

Proposition 1.6.5 Let X/Y be a morphism of fine log schemes in charac-
teristic p > 0. Then there is a unique Ox-bilinear pairing:

C:Txyy X H'(Fx.(Qyy)) = Fx+(Ox)
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sending a pair (0, [Fx,w]) to (W), w) — 0P~ 10, w). Ifw € Q% /y and o(w) is
the corresponding element ofﬂl(FX*(Q'X/Y)), then

C(0,0(w)) = Fx(0,w).

Proof: Fix 0 € Txjy and define, for w € Qyy, Co(w) = (0P W) —
DP9, w). Cp is evidently additive in w and linear over pth powers of sec-
tions of Ox. Furthermore, if f € Ox, Cy(df) = OP(f) — 9"~ *(9f) = 0. This
proves that Cy(w) depends only the cohomology class of w and that the func-
tion C in the proposition is well-defined. To prove that C(0,0(w)) = Fx(0,w),
note that both sides are Ox-linear in w, and so it suffices to prove the formula
if w=dlogm. If 0 = (D, ), then

C(0,0(dlogm)) = C(0, Fx«(dlogm)

= (0W,dlogm) — DP~1(d, dlog m)
= d(p)(m) — D""'4(m)
= F(6(m)+ DP~'6(m) — DP~1(5(m)
= Fx(6(m))
This formula also proves that the pairing C is additive in 0, at least on the
image of o. For the proof in the general case..... O]

Remark 1.6.6 The pairing defined in (??) induces an Ox-linear map
Fx, H'(Q)y) — Homo, (Tx/y, Fx.(Ox).

If Qﬁ(/y is locally free, the target of the above arrow can be canonically
identified with Fix,(Q% Jy» and so C can be identified with a map

C: Fx.H'(Qy)y) = Fx.(Q)y).

This is the log version of the classical , and the formula of (??7) shows that
1t 1s inverse to o.
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