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How to make log structures
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ABSTRACT

We introduce the concept of a viable generically Gorenstein toroidal crossing (ggtc)
space Y. This generalizes the concept of Gorenstein toroidal crossing scheme, which
in turn generalizes that of a simple normal crossing scheme. On such a space Y, we
define a sheaf LSy, intrinsic to Y, by means of an explicit construction. Our main
theorem establishes a bijection between the set LSy:(Y) of isomorphism classes of log
structures on Y over the log point Spec k' that are compatible with the ggtc structure
and the set I'(Y, LSy) of nowhere-vanishing global sections of LSy . The definition of
LSy by explicit construction permits the effective construction of log structures on
Y; it also enables logarithmic birational geometry, in particular the construction, in
some cases, of resolutions of singular log structures. Our work generalizes [Gross and
Siebert, J. Differential Geom. 72 (2006), 169-338, Theorem 3.22], adapting the original
proof with techniques from the theory of 2-groups and local line bundle systems.
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1. Introduction

ASSUMPTION 1.1. Throughout this paper, we work over a perfect field k. All varieties, schemes
and Deligne-Mumford stacks are of finite type over k.

Informally speaking, a generically Gorenstein toroidal crossing (ggtc) space is a stratified
Deligne-Mumford stack Y over k such that, at the generic point of each stratum, the stabi-
lizer is trivial and Y is formally isomorphic to the spectrum of a Stanley—Reisner ring. (See
Definition 2.12 for a formal statement.)

Our concept of ggtc space generalizes the concept of Gorenstein toroidal crossing space [SS06].
For simplicity, the reader may think of Y as a scheme with simple normal crossing singularities;
however, our main result has a much simpler formulation in this very special situation.”

On such a space Y, we define a sheaf LSy, intrinsic to Y, by means of an explicit construction.
Our main result Theorem 4.3 constructs a bijection from the set LSy (Y') of isomorphism classes
of log structures on Y over the standard log point Spec k' compatible with the ggtc structure
to the set I'(Y, LS5) of nowhere-vanishing sections.

Our construction generalizes that given in [GS06] in the case when Y is a union of toric
varieties meeting in boundary strata.” Even in that case, our result improves upon [GS06],

"We assume that & is perfect in order to use the Cohen structure theorem, see Setup 2.11.

*For future applications, we need to include in our consideration a singular space like (xy =0) in 7'71(17 —1,a, —a),
which is conveniently viewed as a toroidal crossing Deligne-Mumford stack.

*More precisely, in the notation of [GS06], if Y = Xo(B, P, s).
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because our construction of the sheaf £Sy is more natural and thus it has an independent
geometric interpretation: see the discussion in Section 1.2.°

To us, the key point of our formulation is that it allows us to construct log structures on Y
effectively.

This study is motivated by our program to construct smooth (or mildly singular) Fano and
Calabi—Yau varieties. We aim to do so by smoothing a reducible toroidal crossing space equipped
with a compatible log structure on a dense open set whose complement Z is of codimension two,
while carefully controlling the geometry of Z. In practice, we construct a section of LSy whose
zero locus is Z.

Chan, Leung and Ma set up a framework by which one can smoothen a singular log scheme
under a list of strong assumptions [CLM23]. The list was then verified in [FFR21] for schemes
with Gross—Siebert-type log singularities. The framework was subsequently refined, general-
ized and placed in the context of curved Gerstenhaber differential graded L., algebras by
Felten [Fel22, Fel25]. Our examples of interest in the context of smoothing Fano schemes, e.g.,
Section 5.4, are not of Gross—Siebert type but we expect them to fall under the notion of unisin-
gular deformations, see Section 14.3 in [Fel25], and be therefore amenable to the smoothing
framework.

A second motivation is the desire to work with singular log structures and, hence, for a
language that allows us to speak of, and construct explicitly, log resolutions of log structures.
Our results indeed enable us to do all this; see, for example, (5.5), Section 5.4.3 and [CGR25].
These examples hint at a theory of log crepant log resolutions of singular log structures: a subject
that we plan to pursue in the near future.

1.1 Informal description of results

We describe our results informally. We begin by stating informally the definition of ggtc space Y
over a field k; we proceed to summarize the construction of the sheaf LSy ; and we conclude with
a discussion of our main result, exhibiting a bijection between the set LSy (Y) of isomorphism
classes of compatible log structures on Y over Spec kf and (Y, LSy).

Let M = 7" be a lattice of rank r, 3 a rational polyhedral fan in M, and K a field. The
Stanley—Reisner ring K[X] is the free K-vector space over the monomials 2™, m € M N|%|,
where

' 2™ if there is a cone o € ¥ that contains m, m/,
0 otherwise.

We consider stratified spaces

y=[[v;

neT

over k with locally closed strata indexed by a finite poset 7.” We denote by Y, the Zariski
closure of Y,*. We always assume that Y is reduced and equidimensional, and that the irre-
ducible components of Y are normal. We identify a point n € T with the generic point of the

“For the technically savvy, a further advantage of our treatment is that the ‘gluing data’ for the space Y is not
explicitly an input of the construction: our space Y comes already glued.

’ Where m <2 if and only if Y, is contained in the Zariski closure of Y,;,. We spell out our terminology on
stratified spaces in Section 2.2.
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corresponding stratum and we denote by T/ € T the set of strata of codimension c. It follows
that the irreducible components of Y are the closures of the strata of codimension 0 and

Y = U Y,.

c€eT0l
In short, a ggtc space is a stratified space Y that, at the generic point n € Y of every stratum,

is formally isomorphic to the spectrum Spec k(n)[%,] of the Stanley-Reisner ring (over the residue
field k(n)) of a fan ¥, in a lattice M, of rank

k(M) = codim(n).

These data are subject to compatibility conditions that are spelled out in Definition 2.12: the
most important requirement is that the lattices M, are the stalks of a sheaf (in the Zariski
topology) M of abelian groups on Y, called the relative ghost sheaf of the ggtc space, and that
the fans ¥, in the lattices M, are the stalks of a sheaf of fans.

In this paper we always assume that Y is viable: a technical condition that can be ignored
in this informal discussion and that is stated in Definition 2.16.

Given a viable ggtc space Y, we now summarize the construction of the sheaf LSy .

DEFINITION 1.2. Let Y be a ggtc space. A slab is a codimension one point p € T a joint is a
codimension two point w € T2,

We define, for all pe T, a line bundle L, on Y, that we call a slab bundle. Given p € T,
there are exactly two distinct o, o’ € T1% such that Y,CY,NY,. Fix y€Y, and let  be the
generic point of the stratum containing y, so n < p. We identify o, ¢/ with the corresponding
maximal cones of the fan 3,, and p with the submaximal cone in ¥, that it corresponds to.
Next choose vy, € M,, at integral affine distance 1 from p.6 To simplify the discussion, assume that
there is a local isomorphism’ (and not just a formal isomorphism) f,: k(1)[2,]m — Oy, (where
m C k(n)[X,] is the maximal ideal at the origin). Our notion of viability for ¥ implies that there
exists a Zariski open neighbourhood Vj, of y in Y such that the divisor germ div(f, (")) lifts to
a Cartier divisor D, , over Y, NV, and similarly for 2= on Y, NV,. We define the slab bundle
L, on V, to be

(Lo, = Ov,av, (Dy.o)y,nv, @ Oy,,.av, (Dye)y,nv,-

The main result of Section 3.1 is Lemma 3.2 stating that these local definitions glue to a global
line bundle £, on Y,,."
The sheaf LSy is defined as the subsheaf of the direct sum of all the slab bundles:

LSyc P L, (1.1)

peT[l]

consisting of sections that, for every joint w e T2 satisfy the joint condition that we describe

next.
For every joint we T2, we can identify the slabs incident at w with the rays of the 2-
dimensional fan ¥, in M,,. Let p1, ..., p, be a cyclic enumeration of the slabs incident at w, and

* We say that v, is at integral affine distance 1 from p if (d,vy) =1, where d € 0¥ C Hom(M,, Z) is the primitive
vector that pairs to zero with all points in p.
"It turns out that this assumption holds in many cases of interest.

*The tensor product of the divisor of z”¥ with the one of z7"¥ is reminiscent to the tensor product of the two
normal bundles Ny, Y, and Nya,Yp7 but note that in general neither Y,, Y, nor Y, can be assumed smooth.

https://doi.org/10.1017/52949764726100253 Published online by Cambridge University Press


https://doi.org/10.1017/S2949764726100253

How TO MAKE LOG STRUCTURES

let d; € N, = Hom(M,,, Z) be the primitive normal to p; such that d; >0 on p;;1. Corollary 3.7
in Section 3.2 states that, for every joint w € T2, we have a well-defined isomorphism

n
Jo: Qdi® Ly, 2000y, in N,®PicY,.
i=1
In Section 3.2, Definition 3.9, LSy C P peT L, is defined to be the subsheaf consisting of
sections (f,),c7m such that for all joints w

Ju(di @ (fpv,)) =0®1

at the generic point w of Y.

We conclude with a statement of our main result. We begin with some preliminaries that are
needed before we can talk about our notion of a compatible log structure on a ggtc space. A
fuller discussion, including a short summary of basic facts on log structures and a road-map of
the proof, can be found in Section 4.1.

Fix a viable ggtc space Y. Recall that a log structure on Y is a pair (I3, ) where P is a
sheaf (in the Zariski topology) of monoids and a: P — (Oy, x) is a homomorphism of sheaves
of monoids such that

Oé|oc*1((9;) : 06_1(0;) — O;

is an isomorphism. A log scheme is a scheme equipped with a log structure and we denote by
YT a log scheme with underlying scheme Y. The ghost sheaf is the quotient sheaf of monoids
T =P/ 1(0F).

Recall that the standard log point is the log scheme Spec k! = (Spec k, Pi), where Py, =
k* x N and

0 ifn>0,
a ifn=0.

afa,n) = {

A log scheme over the standard log point, or simply over ki, is a log scheme YT equipped with
a morphism YT — Spec k' to the standard log point. We denote a log scheme over k' by the
symbol Y /kT. A log scheme YT/Ek" comes with a global section

Ly € I'(Y,B),
ge irrixge of 1 ¢ N. With Ly Lhe image of 1y in B, the relative ghost sheaf is the quotient sheaf
M=/ 1. In our context, M is going to be a sheaf of abelian groups.

Definition 4.2 is a precise formulation of our notion of a compatible log structure YT /kt on a
ggtc space Y. The key requirement is the datum of an identification of the relative ghost sheaf

of the log structure with the relative ghost sheaf of the ggtc space, M =5 M. We denote by
LS+ (Y) the set of isomorphism classes of compatible log structures over kt.

1.2 Main theorem and its discussion

The main theorem is about the sheaf £Sy in (1.1) constructed in detail in Section 3. This sheaf
has a subsheaf £LS7 of nowhere zero sections.

THEOREM 1.3 (Theorem 4.3). Let Y be a viable ggtc space, and let LSy C@p L, be the
subsheaf of the direct sum of slab line bundles constructed in Section 3.

Denote by LS+ (Y') the set of isomorphism classes of log structures on Y over k' compatible
with the ggtc structure.
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The set-theoretic function
r: LSp (V) = T(Y, LSy)
constructed in (4.15) is a bijection.

We prove the theorem by considering the subsheaf of reqular extensions
Eott (M, O3) C Ext' (M, OF)

that already appeared in [GS06, Theorem 3.22].9 We construct a morphism of sheaves ¢: LS —
Ertt (M, Oy) and show that it is bijective. Finally, we prove that the assignment that sends
a log structure/k' to its extension class in &xt'(M, Os) in fact gives a bijection LSy (Y) —
r (Y, Ett(M, (’);)), and we obtain r as the composition of two bijections.

The content of our main theorem is not that there is some sheaf LSy with a natural iden-
tification of LS+ (Y) with T'(Y, £S5). Indeed, it is a basic general fact that LSg:(—) is a sheaf.
It is not even that there is some construction of a sheaf LSy and a bijection from LS+ (Y") to
I'(Y, LSy). Indeed, for example, Ertl (M, Oy) is an example of such a construction.

Our point is that the statement is true with the description of LSy given in Section 3, and
that this particular description allows to construct log structures effectively. We illustrate this
point here with a very simple example. (More examples can be found in Section 5.) Consider
the case, see also Section 5.1, of a scheme Y that is the union of two smooth components Y7, Y5
meeting transversally along a smooth irreducible divisor D. We show in Section 5.1 that

LSy = (Ny,D) ® (Ny,D), (1.2)

where Ny, D denotes the normal bundle of D in Y;." The description (1.2) is particularly useful
when the line bundle LSy = (Ny, D) ® (Ny, D) is not trivial, and thus it does not have a nowhere-
vanishing section. Consider for example the case when LSy is, say, base point free, and let Z C D
be the vanishing locus of a general section s € I'(D, LSy ) giving an isomorphism Op(Z) = LSy .
In language introduced in Definition 5.4(1), we say that such an s gives a log structure/k
singular along Z. The log structure in question is the push forward to Y of the log smooth log
structure that we have on Y \ Z. This push forward log structure is rather badly behaved, for
example it is not coherent. However, it has a particularly nice log resolution. Indeed, let

Yi=Blz Y,
be the blow up of Z C Yi. The strict transform of D in Y; is isomorphic to D, so we can glue Vi

to Y3 along D to form a scheme f: Y Y. Denoting by E= f~1Z C Y the exceptional set, we
have Y\ E=Y \ Z. It is clear that

Ny D = (Ny,D)(—Z), and hence
ES{, = (N3~/1D) ® (N{,QD) = ((NYID) ® (NY2D))(fZ) = [,Sy(fZ) =0p.

’Here M and Os are sheaves of abelian group and Ext' (M, 03) is the sheaf of extensions in the category of
sheaves of abelian groups.

" The fact that LS+ (Y) is in bijective correspondence with I'(D, ((Ny, D) ® (Ny, D))*) is elementary and well-
known. As important original references, we recommend taking a look at Definition 1.9 in [Fri83] and Lemma 2.2
in [Kat00]. Further relevant works on the sheaf (Ny, D) ® (Ny, D) and its cousin in the normal crossing case
include [Ste95, KN94, SS06, FFR21]; see also Theorem 1.2 in [Ols03].
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All of this goes to shows that there exists a unique log structure on Y smooth over k' and a log
morphism YT — YT over kT that, when restricted to Y\ E=Y"\ Z, is an isomorphism and so it
is the log structure given by the section s € I'(Y, LSy ). We call Yisyha log resolution.”

Our point, again, is that it would be awkward to establish these facts directly from the
definition of log structure, and impossible to derive it off the shelf from the constructions and the
statements in [GS06] (because that paper assumes that all components of Y are toric varieties). It
is the independent geometric interpretation of the sheaf (Ny, D) ® (Ny, D) as the tensor product
of normal bundles of D in Y7, Y> that makes the verification straightforward, by tracking the
way that normal bundles change under blow ups. Our construction of the sheaf LSy, given
in Section 3, in the two-component case immediately specializes to (Ny, D) ® (Ny,D). In the
general case of a ggtc space Y, the construction is more involved, but it retains the geometric
interpretation, making it possible, in many cases of interest, to construct log structures and log
resolutions effectively.

It is well known that, when Y is simple normal crossings, the sheaf LSy is naturally isomor-
phic to Ty} = &ty (€, Oy), see Theorem 5.5 and Remark 5.1 in [FFR21] for further references,
and so LSy is in fact a coherent sheaf in this case. However, this rather special situation is
somewhat misleading because the joint condition for gluing LSy from line bundles happens to
be linear when Y is normal crossing (or a product of normal crossing spaces) while in general it
is a polynomial condition that results in a non-coherent sheaf, see for example (5.3). The precise
form of this polynomiality was already shown in [GS06, Theorem 3.22] and in fact everything we
do reduces to this explicit local description when choosing a log smooth chart of a compatible
log structure.

1.3 Summary of previous work

We already indicated several prior works in the semistable situation [Fri83, Kat00, Ste95, KN94,
SS06, Ol1s03], so we now focus on singular log structures and more general spaces. The paper
[GS06] is concerned with toroidal crossing spaces Y that are a union of toric varieties meeting
along boundary strata. Among many other things, for such a Y, that paper defines a sheaf
LSy and proves a natural identification LSy+(Y) =T'(Y, LS5). Essentially, LSy is defined to be
Ertt (M, Oy) C Extt (M, Oy), see Sections 1.2 and 4.1, but the paper also gives an explicit local
description [GS06, Theorem 3.22] in terms of local functions that satisfy the joint condition, and
then shows [GS06, Theorem 3.28] that these local functions are sections of explicit line bundles
N, (corresponding to our £,). The description of the sheaf LSy in [GS06] is sufficiently concrete
to enable the effective construction of elements in LS;+(Y') when Y is a union of toric varieties
meeting along boundary strata.

The paper [SS06] introduces the notion of Gorenstein toroidal crossing space, and goes on to
study log structures on these.

1.4 Our work in relation to previous work

Our definition of ggtc space is a generalization of the Gorenstein toroidal crossing spaces of
[SS06]. Our work is closely related to [SS06], but there are two important differences. The first
key difference is that we work with log structures over k', where [SS06] works with absolute log
structures: this change of perspective is essential to the applications that we have in mind and it
results in surprising simplifications. The second key difference is that we require the Gorenstein

" A nice property of this resolution is that Kyt 4+ is f-trivial: we call a resolution with this property log crepant.
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toroidal crossing condition to hold only at the generic point of every stratum, as opposed to
everywhere.

Our paper generalizes the corresponding part of [GS06], from toroidal crossing spaces that
are union of toric varieties meeting along boundary strata, to the case of viable ggtc spaces. Here
the key point of our study is a more natural and more general construction of the sheaf LSy.

In outline, our proof follows the proof of [GS06, Theorem 3.22], with changes necessary to
work with our construction of the sheaf LSy . Indeed, our main innovation is the construction
of the sheaf LSy, where we use the Picard stack to show that the local descriptions of the slab
bundles £,, when formulated not in terms of functions but of divisors, glue automatically to
give the slab bundles globally, and that the joint conditions automatically make sense globally.
Unlike [GS06], we never work with local charts for log structures and our approach is closer to
the Deligne—Faltings view of log structures as systems of line bundles with sections.

More detail about where exactly and how specifically we depart from [GS06] can be found
in the outline of the proof in Section 4.1. In particular, as was pointed out by Bernd Siebert,
our point of view in the proof of Proposition 4.32, where we construct a log structure from a
section of LSy, is closely related to that of [BV12]. We learned that the approach via line bundle
systems is also useful for recasting logarithmic data in symplectic-geometric terms, [FTS25].

1.5 Description of contents

In Section 2 we introduce ggtc spaces. The definition is local in nature, and we take the time to
describe two global objects that are naturally attached to them, the cone sheaf and the divisor
system. We also introduce a property, which we call viability, that allows us to do log geometry
on a ggtc space. We work in the Zariski topology for simplicity and because it is sufficient for
many applications.”

In Section 3 we explicitly construct a sheaf LSy that naturally exists on every viable ggtc
space Y. Later in Section 4 we prove that this sheaf LSy classifies log structures on Y over the
standard log point and compatible with the ggtc structure. In this paper, we aim to address a
reader whose goal is to make a log structure on Y explicitly. The most efficient way to do this
is to construct a nowhere-vanishing global section of LSy, and for this she only needs to know
how LSy is constructed; she does not need to know the proof that LSy classifies log structures.
Our presentation aims to facilitate explicit constructions.

Finally, in Section 5 we give some examples.

2. Generically Gorenstein toroidal crossing spaces

In Section 2.4 we give the formal definition of ggtc space. Basically, a ggtc space is a stratified
space Y such that if n €Y is the generic point of a stratum, there is a fan ¥, in a lattice M,
and an isomorphism from the formal completion k(n)[%,] at the origin to the formal completion

6;7 at the maximal ideal. These isomorphisms need to satisfy certain coherence conditions that
are best kept track of by a Kato fan in the sense of [ACM 16, Section 4].

“In short, all the examples we are currently interested in are unions Y = UY, of irreducible components Y, each
of which admits a toric model, i.e., a birational morphism to a toric variety. For certain applications, it will be
necessary eventually to work with monodromy in the étale topology, and a future theory will have to implement
these features. However, these features become a hindrance when working with examples that do not need them,
which gives us another reason for not discussing these matters here.
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In Sections 2.1-2.3 we set out carefully our notation and conventions on monoids, fans and
stratified spaces: this material is elementary but tedious.

In Section 2.5 we define a property that we call viability, which allows us to do logarithmic
geometry.

The definition of a ggtc space is local in nature. In Section 2.6 we define two global objects
that exist on the normalization of a ggtc space, the cone sheaf and the divisor system, that enter
crucially the construction of the slab bundles and the precise formulation of the joint condition.

2.1 Notation and conventions for monoids and fans

Our terminology on monoids mostly follows [Ogul8, Chapter I]. The following summary of
terminology and notation is intended for reference, not as a complete dictionary on monoids.

CONVENTION 2.1.

(1)
(2)

(8)

(9)
(10)

A lattice is a free abelian group M = 7" of finite rank r. We denote Mg := M ®z R.

A monoid is a commutative semigroup with neutral element. Our default position is to
denote the operation and unit of a monoid additively by +, 0. (If R is a ring, for example,
we may want to consider the monoid (R, x,1).)

If M is a lattice and S C M a subset, we denote by (S) the saturation in M of the
subgroup generated by S and by (S)4 the saturation in M of the submonoid generated
by S. Similarly, if 7 C Mg, we denote (1) :=(r N M) and (7); := (TN M),.

The group of units of a monoid P is denoted by P*. A monoid P is sharp if P* = (0).
A monoid P is toric if there exist a lattice M of finite rank and a closed convex rational
polyhedral cone o C Mg such that P=c¢ N M. In this paper we often work with toric
monoids and we almost always assume them to be sharp.

Let P be a monoid. A submonoid F' C P is a face if the following condition is satisfied.
For all u,v e P,if u+v € F, then u,v € F. We write F' < P to mean that F'is a face of P.
The notation F' < P means that F' is a proper face of P, that is, F'is a face and F' # P.
When F < P we denote by F~'P the localization of P at F. We call the monoid homo-
morphism P — F~1P a face localization. When F < P, the quotient P/F is the monoid
F~'P/F. We call the monoid homomorphism P — P/F a face quotient.

If P is a monoid and 1€ P an element, we use P/1 denote the quotient of P by the
submonoid generated by 1. For example N?/(1,1) 2 Z.

If P is a monoid, we denote by P8P the universal (Grothendieck) group of P.
If R is a ring and P a monoid, we denote by R[P] the monoid ring.

DEFINITION 2.2. Let M = 7Z" be a lattice.

(1)

A fan in M is a finite set X of closed convex rational polyhedral cones in Mp such that:
(i) for all 7€, if u <7 is a face, then p € ¥;
(ii) for all 7, u € X, TN p is a face of both 7 and p.

The support of the fan, denoted by |X| C Mg, is the union of the cones of X.
The fan is said to be complete if |X| = Mg.
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(2) Let ¥ be a fan and p € ¥ a cone.

(a) The localization p~'% of ¥ in p is the fan in M that consists of the convex cones
o—p={x—y€ Mg|z €0,y € p} where ¢ ranges over all cones in ¥ that contain p.

(b) The quotient ¥/p of ¥ by p is the fan in M/(p) obtained from the localization p~!%
by projecting each of its cones under the linear map M — M/(p).

(3) If ¥ is a fan in M and R is a ring, the Stanley— Reisner ring R[Y] is the free R-module
over the symbols z™ for those m € M which are also contained in some cone of ¥, with
multiplication defined by

’ . . .
' _ 2T if there is a cone o € ¥ that contains m, m’,
0 otherwise.

We denote by m the ideal generated by all the symbols 2" with m # 0. If R is a field, m
is a maximal ideal.

LEMMA 2.3. There is an equivalence between the following two categories.
(1) The category with objects pairs (P, 1) of a sharp toric monoid P and an element 1 € P

such that P\ (1 + P) is the union of the proper faces of P, and morphisms face quotients.

(2) The category whose objects are pairs (X, ¢) of a rational polyhedral fan 3, not necessarily
complete but with convex support, and a polarization, that is, a strictly convex piecewise
linear function ¢: |X|N M — Z up to the addition of an integral linear function M — Z,
and morphisms fan quotients.

Under this equivalence,
P\(1+P>:UF<pF

if and only if the fan ¥ is complete.
In addition, under this equivalence, Z[P]/(z') = Z[%].

Sketch of Proof. Starting from (X, ¢), let P be the supergraph of ¢ in M & Z and 1= (0, 1).
Vice versa, starting from (P, 1), let M be the universal group of the quotient monoid P/1
of P by the congruence relation generated by the submonoid 1N, and let ¥ be the fan in M
whose cones are the projections under the obvious homomorphism P — M of the proper faces
of P that do not contain 1. O

2.2 Notation and conventions for stratified spaces
The next two definitions correspond to the notion of finite partition of [Sta26], Tag 09XZ and
finite good stratification of [Sta26], Tag 09YO0.

DEFINITION 2.4. Let X be a topological space. A partition of X is a decomposition
_ *
x=1[x;
neT

into locally closed subsets X, indexed by a finite set 7. The X are called the parts of the
partition. o
We denote by X; = X} the closure of X7.

10

https://doi.org/10.1017/52949764726100253 Published online by Cambridge University Press


https://stacks.math.columbia.edu/tag/09XZ
https://stacks.math.columbia.edu/tag/09Y0
https://doi.org/10.1017/S2949764726100253

How TO MAKE LOG STRUCTURES

DEFINITION 2.5. Let X be a topological space. A good stratification of X is a partition X =
[1,,er X5 such that for all p,n €T we have
X;nX,#0 = X,CX,

The X} are called the strata of the stratification.
Given a good stratification X = HneT Xy, we obtain a partial ordering on the index set T’
by setting u < n if and only if X C X,). It then follows that

X, =11 x»
Iy
DEFINITION 2.6.

(1) A space is a scheme or Deligne-Mumford stack of finite type over k.
(2) A stratified space is a space Y endowed with a good stratification
_ *
vy=][v;
netT

such that all strata are irreducible. Under this assumption, 7" is identified with the set of
generic points of the strata, and the partial ordering on T is induced by specialization:
for all n1,me € T, m < 12 if and only if 7 is a specialization of 7.

When Y is a Deligne-Mumford stack, we assume in addition that the generic points of
strata have trivial stabilizers.

(3) The codimension of ne€T is the codimension in Y of the corresponding stratum. We
denote by T c T the set of points of codimension i and we write

Y= v Y9={] v,
neT neTlil

LEMMA 2.7. Let Y =[], o, Y;" be a stratified space.
The subset topology of T CY is the order topology: W C T is open if and only if for all
T €W, if 79 > 711 then 79 € W. We have the following.

(i) ForallneT,
Ton={peT|n=n}
is the smallest open subset of T that contains n;
(ii) The inclusion
a: T—Y has a continuous retraction b:Y —T
defined such that b(y) =n if y€Y,;
(iii) The map b is open and for all Zariski open subset U CY, b(U)=a Y (U)=UNT.
Sketch of Proof. The map b is continuous: indeed for all n € T" we have that
b (Tsy) ={yeY [bly)=n} =[] Vi
wzn

is the union of all locally closed strata that have n in their Zariski closure and hence it is Zariski
open in Y.

11
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Consider a Zariski open subset U CY. If n€b(U), then that means that YN U#0, or,
equivalently, that n € U. This shows that b(U) =a~!(U) and in particular it is open. O

DEFINITION 2.8. Let Y = HneT Y* be a stratified space. For all n € T, the open star of 7 is the
Zariski open subset

Up={y €Y |bly) >n} =" (T>,) CY,
that is, the union of all strata of Y that have n in their Zariski closure.

COROLLARY 2.9. In the situation of Lemma 2.7, if F is a sheaf on T, then the sheaves a,F and
b='F onY are isomorphic.

Remark 2.10. In the situation of Lemma 2.7, we often use Corollary 2.9 to identify a sheaf F
on T with a sheaf on Y, and we think of it as a,F or b~'F depending of which point of view is
more convenient.

2.3 The basic setup and assumptions for toroidal crossing spaces

In what follows Y = HneT Y, is a stratified space satisfying the following assumptions:

(1) Y is reduced, equidimensional, and the irreducible components of Y are normalj;
(2) Y is normal crossing in codimension 1; denoting by
e:Yl= ] v, —Y
c€eTIO]
the normalization, the restriction of & to to e (Y \ Y(?)) is a degree-two disconnected
finite étale cover over each component of the target;

(3) Y is the push-out of the diagram of spaces Y = Y% where the two maps are obtained
from the inclusions Y, = Y,, Y, = Y.

2.4 Generically Gorenstein toroidal crossing space

SETUP 2.11. We introduce objects and notation that are used in Definition 2.12.
Fix a finite poset T' equipped with the order topology.

(1) To give a sheaf of monoids P on T is equivalent to give the following data subject to
obvious compatibilities:

(i) for all h€T a monoid P,; and
(ii) for all n; < g, a generization homomorphism

P, — P,,.

(2) A Kato fan [ACMT16, Section 4] is a sharp monoidal space that is locally isomorphic to
Spec P, P a sharp toric monoid. Let P be a sheaf of monoids on T" making T" a Kato fan.
In particular, all the P, are sharp toric monoids, and all the generization homomorphisms
are face quotients. It follows from the definition that, for all n € T, there is a bijective
identification of the poset of faces of P, with {r €T |t >n}.

(3) Given a Kato fan (T, P), consider a global section 1 € I'(T, P) corresponding to the datum,
for ally € T', of sections 1,, € P, such that P, \ (1, + P,) is the union of all the proper faces
of P,. In this situation, by Lemma 2.3, the pair (P, 1) gives rise to a sheaf of complete

12
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fans ¥ in the sheaf of lattices M =P /1. This unpacks in the data, for all n €T, of a
fan ¥, in M, = P,/1,, and for all n; <7 generization maps (viewing 7 € ¥, ) quotient
homomorphisms M, — M,, = M,, /(n2) identifying 3,, with the quotient fan %, /..
For all n €T, the poset of faces of P, is identified with the fan 3,, and this induces an
identification:

Yy,={reT|7=n}

Now fix a stratified space Y = HneT Y" satistying the assumptions of Section 2.3. Assume
that T is endowed with a pair (P, 1) of a sheaf of monoids P making 7" a Kato fan and global
section 1 € I'(Y, P) as in part (3).

(4) FixneT. The space Spec k(n)[%,] has a natural stratification indexed by the cones of ¥,
ordered by inclusion. For a cone 7 € ¥,, we denote by O, C Spec k(n)[X,] the correspond-
ing stratum. For all 71,7 € X,, 71 <7 if and only if O, C O,,. We denote by k(n)[2,]

—

the formal completion at the origin, and, for all 7 > 7, we denote by (/)\T C Spec k(n)[2,]
the induced subscheme.

(5) Fix neT. The local ring (Oy,,,m;) of Y is a local Noetherian k-algebra (k is the base
field) with residue field k(n). We denote by (’)/y\77 the formal completion at m,. By the
Cohen structure theorem [Sta26], Tag 032A (’75/\,, contains a field isomorphic to k(7). For
all 7 > n, we denote by {/: C Spec (’7;77 the induced subscheme.

DEFINITION 2.12. Importing Setup 2.11, a ggtc space is a tuple

<Y: H Y, (P, 1), {(fne T})

neTl

of a stratified space Y =]]
following.

neT Y satisfying the assumptions of Section 2.3, and we have the

(a) A pair (P, 1) of a Zariski sheaf P of monoids on 7" making 7" a Kato fan, and a global
section 1 € I'(T, P) given by elements 1, € P, such that P, \ (1, + P,) is the union of all
the proper faces of P,. The section 1 induces a sheaf of complete fans ¥ in the sheaf of
lattices M =P/1.

(b) For all n €T, a ring isomorphism:

In: k(n)[zfl] — Oy,
subject to the following condition: for all 7 € ¥, the isomorphism ﬁ? identifies }//:* with @\T
The sheaf P is called the ghost sheaf of the ggtc space; M the relative ghost sheaf; f, the
local formal frames.

CONVENTION 2.13. Sometimes for simplicity we write ‘let Y be a ggtc space’. When we do this,
it is understood that Y is a stratified space, and that it has a ghost sheaf, a relative ghost sheaf,
etc., and we take it for granted that they will be denoted by P, M, etc.

Remark 2.14.

(1) The reader should not be overly concerned about the formal local frames. We could replace
part (b) with the following (possibly more familiar) requirement: for all n € T', there is
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a Zariski closed subset Z; CY* such that, for all y €Y, \ Zy, there is a neighbourhood
yeW CY,\ Z, and a smooth morphism

W — Spec k[%,).
These morphisms would have to satisfy a more-or-less obvious coherence condition.

(2) LetY be a ggtc space. For all n € T, Spec Z[P,] is a Gorenstein toric variety with reduced
boundary B =div z!.

(3) In [SSO06] ‘gtc’ is an acronym of ‘Gorenstein toroidal crossing’ in the étale topology. On
the one hand, in this paper, we work in the Zariski topology. On the other hand, we only
require a Gorenstein toroidal crossing structure at the generic points of strata.

Ezample 2.15. In many applications of interest,” the formal frame isomorphisms
fn: k(n)[Xy] — Oy, arise from bona fide frame isomorphisms

Foi K)[Zglm — Oy

In general, however, this is not possible. Consider, for example, a situation where Y =Y, U Y5 is
a union of two smooth elliptic curves that meet in a point P with residue field k = k(P). The
discrete valuation ring of P in either component is not isomorphic to k[x](,).

2.5 Viable ggtc spaces

In this section we define the key notion of viability of a ggtc space.

DEFINITION 2.16. Fix a ggtc space (Y =[], ., Yy, (P, 1), {fn IneT}).
For all n € T, Spec k(n)[X,] has a stratification with strata {O% | T € £, }, O = O%. For 7 € £,),

denote by
QT — H O:/

TT
the open star of 7, and denote by €2, its Zariski closure. In addition, denote by
Divj Q.
the monoid of effective Cartier divisors on €, supported on | J peri Op.

For 7 €%, and m € 7N M,, denote by 2™ € k(n)[X,] the corresponding monomial. For all
T € X, we have a monoid homomorphism

divy-: (r)4 3 m—div 2™ € Div Q..
For m € (1), write divyr(m) =3_ cpm m,y0, and consider the effective divisor:
D, -(m) = Z m,Y, on U,;NU,.
peT[l]

We say that the ggtc space is viable if, for all n € T', for all T € ¥,, and m € 7N M,, as above,
the divisor D, +(m) is a Cartier divisor.

" For instance if the irreducible components of Y are toric varieties, or more generally if they have toric models.
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Notation 2.17. Let Y be a viable ggtc space. For all n € T and 7 € X, we denote by
Dyr: (1) — Div (U, NU,)

the monoid homomorphism provided by Definition 2.16.
The monoid homomorphism Dy, - extends to a group homomorphism that, abusing notation,
we still denote by D, -: (1) — Div,(Ur N Up).

Remark 2.18. In the situation of Definition 2.16, for all ggtc spaces, not necessarily viable, it
can be shown that for all n € T', 7 € X;, and m € 7N M,,, there is a Zariski neighbourhood

nCWcU,nU,
such that D, -(m) is Cartier on W.

Ezample 2.19. Consider r, a > 0 with ged(r, a) =1 and char(k) {r. The natural ggtc structure on
the 3-dimensional Deligne-Mumford stack

Y = (uw=0) C [A"/pn]

where u, v, w, z are coordinates on A* and p, acts with weights (1, —1, a, —a) is viable, as we
now explain. By assumption, there is an integer s so that sa =r — 1 modulo r. This is one of
those cases where the formal frames arise from bona fide frame isomomorphisms: an example of
a frame at = (u, v) is the isomorphism

for (kM) Y1/ (@y)) (4) = Oy, T uw®, ys 02’

There are other possibilities for frame maps. We could post-compose this frame with any equiv-
ariant change of coordinates at 7 that preserves strata, e.g., u+ uw'z?, v vwkz! with (i — )
and (k — 1) divisible by r, so there is a variety of choices.

Most importantly for the ggtc property, the divisor div(f,(x)) equals div(u) in Spec Oy, and
therefore extends as a Cartier divisor in the component (v=0) CY, supported on (u=v=0),
even at y=(0,0,0,0) € (v=0). Indeed, because we are working with the Deligne-Mumford
stack Y, rather than its coarse moduli space, the divisors div(u), div(v) are well-defined Cartier
divisors, also at the point y = (0,0, 0, 0) € Y: even though the functions u, v are not well-defined,
each gives rise to a descent datum for a Cartier divisor from A% to Y. These divisors are not
Cartier on the coarse moduli on the other hand.

This example turns up very frequently in applications to smoothing toric Fano varieties, and
it is precisely to allow for this example that we need to be working with log structures on ggtc
Deligne-Mumford stacks, as opposed to just ggtc schemes.

The coarse moduli scheme of Y is a ggtc scheme that is not viable if r > 1.

Ezample 2.20. It is easy to construct examples of ggtc spaces that are not toroidal crossing
spaces. For example, assume f, g, h are mutually coprime and glue

Xl = (yg(i[fl, e ,l‘n) —|—f(1,‘17 .. ;L‘n) :0) CA’VL-FI,

Xo=(zh(z1,...,z0) + f(z1,...2,) =0) C A™!

along the common subvariety (f(zi,...,2,)=0)CA". If f(x1,...,x,) is reduced, then the
total space is ggtc. For it to be toroidal crossing, X1, Xo and their respective subset given by
f =0 must be smooth.
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2.6 The divisor system

CONSTRUCTION 2.21. Fix a ggtc space (Y =[], o7 n* (P, 1), {ﬁ? |neT}). As usual we denote

by M the relative ghost sheaf. Strictly speaking M is a sheaf on T, but we identify it with a
sheaf on Y as in Remark 2.10.
Denote by
e X=Y0 5y
the normalization. We construct a sheaf of monoids on X, which we call the cone sheaf.
The space X is naturally stratified by strata indexed by the finite poset

S={(n,o)|neT, 0T n<o}
where (11, 01) < (2, 02) if 01 = 09 and 71 < 2. The stratum corresponding to { = (n,0) € S is

X*N *

We construct a sheaf of monoids C on S and we identify it with a sheaf of monoids on X as
in Remark 2.10.

For all £ € S, we need to assign a monoid C¢ and for all §; < &2 we need to assign generization
homomorphisms C¢, — Ck,.

For { = (n,0) € S, identify o with a maximal cone of the fan ¥, and set

Cg =on MW'
If & = (1, 01) < &2 = (12, 02), then 9y <2 so E,, =X, /n2 and the generization morphism
M771 - M772 = MT]1/<772>

maps C¢, to Cg,.
It is clear that these assignments define a sheaf of monoids C on S.

DEFINITION 2.22. Let Y be a viable ggtc space. The cone sheaf is the subsheaf of monoids
Cce'M
of Construction 2.21.

CONSTRUCTION 2.23. Let Y be a ggtc space, ¢: X — Y the normalization. The space X =
ng g X¢ is stratified as explained in Construction 2.21. The boundary of X is the union of the
strata of codimension > 1, and we denote by Div;' the sheaf in the Zariski topology of effective
Cartier divisors on X supported on the boundary.

Let C be the cone sheaf on X. Assuming that Y is viable, we construct a homomorphism of
sheaves of monoids on X:

D:C— Div;' ,
which we call the divisor system.
For o €Tl denote by e,: Y, <Y the natural closed immersion, so that &= ([ p—
Eg: X —Y.
We use the notation set out in Construction 2.21.

Denote by a: S — X the natural inclusion and by b: X — S the retraction of Lemma 2.7: we
have that a(n, o) =a(n) €Yy, and for x € Y, b(x) = (b(z), o).
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More precisely, C is the sheaf on S of Construction 2.21 and we construct a sheaf
homomorphism b~'C —>ow , which is the same as a homomorphism C —>b*ow of sheaves
on S.

For all £ = (n,0) €5, let

Ue=b"(S5¢) = {z € Y, | b(z) = n}.

To construct our sheaf homomorphism, for all £ € S we need to assign a monoid homomorphism:

ﬁg : Cg — Divy_(ﬁg)

and these monoid homomorphisms need to be compatible with generization in the obvious way.
In Definition 2.16, for m € C¢ = 0 N M,, we defined a Cartier divisor

Dy, »(m) € Div,| (Uy NUy)
Noting that Ue =&, (U, N U,), we define 55 (m)=¢4Dps(m).
DEFINITION 2.24. Let Y be a viable ggtc space. The divisor system is the homomorphism of
Zariski sheaves of monoids on X = Y0
D:C— mj on X
of Construction 2.23.

Remark 2.25. One can show that D is an isomorphism.

Notation 2.26. Let Y:HneT Y* be a ggtc space, a: T'— Y the inclusion and b: Y — T the
retraction of Lemma 2.7. For all y € Y, the open star of y is

Uy=U,, whereyeYy
and U, = b~ 1T, is the open star of 7, cf. Definition 2.8.
Similarly let e: X = ng g XE* — Y be the normalization, stratified as in Construction 2.21,

@: S — X the inclusion and b: X — S the retraction of Lemma 2.7. For all z € X, the open star
of x is

U, = (7}, where z € X{
and [75 :3*1(525) is the open star of £, cf. Definition 2.8.

LEMMA 2.27. Let Y be a viable ggtc space, €: X —Y the normalization stratified as in
Construction 2.21. For all y €Y, consider the fan ¥, C M,, and let 01,02 € ¥, be two max-
imal cones adjacent along a submaximal cone p=oc1Noe. Then y €Y, and let x1 €Y, C X,
x92 €Y,, C X be the two lifts, so Cy, =01, Cy, =02 and in this sense Cy, N Cy, = p. There are
obvious inclusions
n:Y, =Y, and 12:Y,—=Y,,
and we write (following Notation 2.26)
Vy=UyNY,.

Note that V, = Ll_l(ﬁxl) = L;l(ﬁwz).

In this situation, denote by (}: DiV;r Uy, -—» Divj Vy, the partially defined restriction
homomorphism that is defined for each divisor that intersects V,, properly, and similarly L!Q.
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The following diagram is commutative.

B,

Co, Div," Uy, ,
|
| L!l
Y
- .
Cy, D Ch, Dlv;' Vy
A
%
D .
Coy > Div," Uy,

Here we note that the restriction ) is well-defined on ﬁml(Cxl N Cy,) and, similarly, i}, is well-
defined on D, (Cy, NCy,)).
The diagram is compatible with generization in the obvious way.

Proof. Straightforward. O

3. Construction of the sheaf LSy

In this section, given a viable ggtc space Y, we construct a sheaf of sets LSy on Y, intrinsic to
Y. In Section 4, we prove that £Sy classifies compatible log structures on Y over k. We refer
to Section 1.1 for an informal summary of the construction of LSy .

In Section 3.1, for every slab p e T!Y we give the construction of the slab line bundle L, on
Y,. In Corollary 3.7 of Section 3.2, we show that, for every joint w € T2 the restrictions Ly,
for all w < p satisfy the joint condition. This is seen as an easy consequence of an abstract joint
condition that is stated in Lemma 3.6. In Definition 3.9, the joint conditions are used to define
the sheaf LSy.

The construction of the slab line bundles £, and, in particular, the formulation of the joint
condition, are delicate. In order to glue the slab bundles from local data, and in order to formulate
the joint condition, we need carefully to keep track of isomorphisms between line bundles and
not just the line bundles themselves. For this reason it is necessary that we work with the Picard
2-group PicY (and, implicitly, the Picard stack Picy ), for which we refer the reader to [Del73,
Section 1.4].

3.1 The slab line bundles

In this subsection we fix throughout a viable ggtc space Y. The goal is to construct, for all
pE Tm, a line bundle £, € PicY), that we call a slab bundle.
Before describing the construction, we recall the following.

DEFINITION 3.1. Let M be an abelian group and (4, ®,1) a strictly commutative 2-group,
where:

(a) for objects Ay, Ay of A, we denote by
t: A1®A2 i)AQ@Al

the isomorphism provided by the 2-group structure;
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(b) for objects Ay, As, A3 of A, we denote by
51 A1 ® (Ay® Az) — (A © Ag) ® Ag
the isomorphism provided by the 2-group structure.

A 2-homomorphism p: M — A is an assignment p: M — Ob A together with the datum, for
all mq, mo € M, of an isomorphism

p(ma +ma) — p(mi) @ p(ms)
such that:

(i) w(0)=1;
(ii) for all my, mo € M the following diagrams are commutative

p(my +ma) ——= p(m1) @ p(ms)

]

p(ma +mi) — p(ma) ® p(ma)

(iii) for all my, ma, ms € M the following diagrams are commutative

p(ma 4 (mg 4+ ms3)) —— p(m1) @ p(me + mz) — p(m1) ® (u(mz) @ p(ms))

)

p((ma +me) +mg) — p(mi + ma) ® p(mz) — (u(m1) @ p(mz)) ® p(ms)

LEMMA 3.2. Let Y be a viable ggtc space and p € T a slab. Fix y € Y,, and use the notation of
Lemma 2.27: in particular, denote by o1, 02 the maximal cones of %, C M, that meet along p.
Denote by

Mgt My — @(Vy)
the unique 2-homomorphism such that, for m € Cy, C My, pi(m) = ;7 (Op (Dy,(m))). Note that

p1 = pa on the subspace (Cy, N Cy,) = (p) and denote this restricted 2-homomorphism simply

by .
Let d € oy C Hom(M,y,Z) be the unique primitive vector that pairs to zero with all points
in p. Next choose v € My such that (d,v) =1. We define a line bundle \(v) on V,, as

A(v) = p1(=v) @ pa(v).
Then we have the following.

(1) The line bundle A(v) is independent on the choice of v in the following sense: for all
r € (p), we construct an isomorphism

Ur: A(v) = A(r +v).
(2) The set of these isomorphisms has the cocycle property:
(i) for all v € og such that (d,v) =1, 1o =1id(,);
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(-0 @ =) © (ur) @ m())

/ A(vﬁ " \

[(m(v) @ u(=n) © nr)] @ pav)

FIGURE 1. Construction of ¥, : A(v) = A(r +v).

(ii) for all v € o9 such that (d,v) =1, and for all r,s € (p), the following diagram is

commutative.
Av) Yre A(r + 5+ v)
k %
A(s+v)

(3) Similarly, A\(v) does not depend on the choice of numbering of o1, o9 in the sense that
if we swap numbering, then d is changed into —d, v into —v, and the line bundle into

p2(v) @ pr(—v).

Proof. In the diagram in Figure 1, the outer pentagon is commutative by the pentagon axiom
and the internal part of the diagram gives the construction of i,: A(v) — A(r +v). (Note that,
since r € (p), pi(r) = pa(r), and we write simply u(r) to signify either of these two equal line
bundles.)

The statement that for all r, s € (p), ¥,+s =1, 095 follows from contemplating the diagram
in Figure 2, where the outer circle is commutative by MacLane coherence theorem for monoidal
categories. For reasons of space we are suppressing the ® symbols. O

CONSTRUCTION 3.3. For every slab p € T, we construct a line bundle L, onY,, which we will
call a slab bundle.

Fix throughout p e T,

First, we construct a covering of Y, by Zariski open subsets. Note that

v,= [ W

{reT|r<p}

is itself a stratified space. We denote by T, = {7 € T'| 7 < p} the index poset for the strata of Y),.
For all 7 €T,, we denote by V; CY, the open star of 7 in Y,. It is clear that {V. |7 €T,} is a
Zariski open cover of Y),.

Now choose a global numbering for the maximal cones incident at p: in other words, for all
7 €T),, a numbering o1(7), 02(7) of the two maximal cones in X, incident at p," satisfying

“For all T € T,, we can identify p with a submaximal cone in ¥,. To be precise, we ought to denote this cone by
pr but we abuse notation and denote all these cones by p trusting that this will not cause confusion.
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m(v){ [(1(=)(=m){utr)ts) }] uz(v)}
— T
/u(v){ (=) (u(r){u(r)u(s)})}m(v)} /u(v){ (1(=5)u(=m) [(1)1(5) ) 2(0)] }

/ \

/n(v){ [u(s)({u(r)u(v«)}u(s))}ua(v)} 0 {mo) (u=9n=) }[(ur)n(s)) na(v)]
\ﬁrﬂ /
s Ar+s+wv) two moves
/71/)7‘ \
o= [ ({unno bu)m@]} 25" (om0 un o) (ue)na))]

/

(m=ou)){ ({u=rne) b)) m@} | (mou=9) {a=r) [00) (us)m@)] }

FI1GURE 2. Proof that 1,5 =1, 0 ;.

the consistency condition. If 7y < 7o, then, for i =1, 2, 0;(71) maps to 0;(72) under the natural
projection M, — M,, = M, /(12)."” Note that there are precisely two global numberings.

For all 7, Let d; € 02(7)Y C Hom(M,,Z) be the unique primitive vector that pairs to zero
with all points in p. Next choose v, € M, such that (d., v;) = 1. Following Lemma 3.2 with y = 7,
we define a line bundle A(v;) on V; as

A(vr) = pa(7)(=07) @ pa(7) (vr)

where we denote by u;(7): M; — Pic(V;) the 2-homomorphisms of Lemma 3.2.
Next we glue the A(v;) to a line bundle on all of Y. If 7y < 79, then:

(1) VT2 - VT1;
(2) we have an identification 7 =7, ., My — M, /(12) = M,;

(3) under the dual injection N, C N, d;, is identified with d; and (d., 7(vs))=1 and
hence we can form r,, ,, = m(vy,) — vy, € (p) N M,,.

At this point, we
glue A(7)7'1)|V72 = )\(UTF(UTI)) to A(UTQ) with wr(ﬁ,m): )‘(vﬂ'(vn)) i )‘(UTz)

whose construction is given by Lemma 3.2.

""The existence of such a global numbering follows easily from the conditions spelled out in Section 2.3.
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Next, we keep gluing on all the line bundles on all the V, formed from both choices of
numbering and all system of vectors (v;)rcar, as above by using the 1 isomorphisms as above.
The cocycle condition ensures that all these gluings can be done consistently.

We denote by £, the resulting line bundle on Y,,.

DEFINITION 3.4. Let Y =[] . Y be a viable ggtc space and p € T, We call the line bundle
L, on Y, of Construction 3.3 the slab bundle.

Abusing notation, we also denote by £, the direct image of this line bundle under the inclusion
Y, =Y.

3.2 The joint condition and the sheaf LSy

We show that for every joint w € T2 the restrictions of all L, with w < p to Y,, satisfy a relation.
We then use this relation to define a subsheaf LSy C €D peT L,. A similar relation first appeared
as a relation of elements in a local computation in Theorem 3.22 in [GS06].

The following definition and theorem are stated in terms of a strictly commutative 2-group
A, because this is what we need. The statement contains as a special case the situation where A
is the categorification of an abelian group A, where a more concrete formulation of the definition
and theorem are possible.

DEFINITION 3.5. Let M be a finitely generated free abelian group and ¥ a complete fan in M. Let
A be a strictly commutative 2-group. A continuous piecewise linear 2-homomorphism p: M — A
with respect to X is a collection of 2-homomorphisms

po: M — A,

one for each maximal cone o € X, with the property that whenever two maximal cones oy, 09
share a submaximal cone p =01 Moy then the restrictions of y,,, iy, to (p) are equal.

LEMMA 3.6 (Abstract joint condition lemma). Let M be a lattice, N = Hom(M, Z), and assume
given a surjective homomorphism m: M — M, where M is a rank two lattice endowed with a
complete fan Y. Endow M with the fan

S={r""(n)|neZ}

We denote the cones of ¥ as follows:

— the codimension-2 subspace (also known as a joint) w = m—{0};
— cyclically ordered codimension-1 cones (also known as slabs) p1, ..., p, incident at w;

— maximal cones 0; = (p; U p;y1)+ (for i=1,...,n with the convention that p,i1 = p1).

Let (A, +,04) be a strictly commutative 2-group and p: M — A a continuous piecewise linear
2-homomorphism with respect to ¥. Denote by u; = s, the 2-homomorphism for o; that forms
part of the datum u. Let dy,...,d, € N be the primitive normals to the slabs p1, ..., pn, such
that di Z 0 on Pi+1-

Choose v; € M such that (d;,v;) =1 and define

1
i) = pi—1(=vi) + pi(vi). (3.1)
(1) We construct the joint isomorphism

ST di®A(v;) —0©®0, in N A=2Hom(M, A), (3.2)
=1

22

https://doi.org/10.1017/52949764726100253 Published online by Cambridge University Press


https://doi.org/10.1017/S2949764726100253

How TO MAKE LOG STRUCTURES

(2) The isomorphism constructed in part (1) does not depend on the choice of v; in the
following sense. For all i=1,...,n and r; € (p;) we construct isomorphisms

Ur,: Mv;) = AMv; + 1)
such that the following diagram is commutative

2 i1 i ® Avi) ,

1%

{¥r;} 004

o

Z?:l d; ® )\(’UZ‘ + TZ‘)

and, furthermore, the set of these isomorphisms has the cocycle property:
(i) to=id;
(11) fOI' aH T4y 8¢ € <pl>7 1/}7'1‘4‘51' = /llbri © QJZ)SL
(3) The joint isomorphism does not depend on the cyclic ordering in the sense that the
isomorphism from the opposite ordering relates to the given one by a global multiplication

by (—1).
Proof. For all we M we produce an isomorphism » . ; di(w)A(v;) =04 in A. The key

observation is that for all ¢

d; (—di(w)vi + w) = —di(w) dz(vz) —i—di(w) =0.
=1
Hence, —d;(w)v; +w € (p;) and therefore ;1 (—d;(w)v; + w) = pi(—d;(w)v; + w). Rewriting and
using the natural transformations of functors provided by the monoidal structure of A yields
di(w) pi—1(—v;) = di(w)pi(—vi) + pi(w) — pi—1(w). (3.3)
The sum (3.2) in the assertion can be identified as a telescoping sum when writing
n (3.1)
> di(w)Mvi) = di(w)(pn(—v1) + pa(v1))
= + da(w)(pa(—v2) + pi2(v2))
+ d3(w) (pu2(—vs) + p3(v3))

D @) (o) + p(on)) + g () — onw)
+ da(w)(p2(—v2) + p2(v2)) + pa(w) — p1(w)
+ d3(w)(us(—vs) + ps(vs)) + ps(w) — po(w)

= 04.
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The resulting isomorphism to 04 does not depend on choices, that is, the order of association
and commutation in A, by the MacLane coherence theorem for 2-groups.

For the independence on the choice of v;, part (1) is proved in the same way as the corre-
sponding statement in Lemma 3.2. The proof of part (2) is straightforward and we omit the

details. 0
COROLLARY 3.7. LetY be a viable ggtc space, w € T'? a joint, and p1, . .., p, a cyclical ordering
of the slabs incident at w. Let dy, . ..,d, € N, be the primitive normals to the slabs p1, ..., pp,

such that d; >0 on pj41.
We construct a joint isomorphism:

n
Jo: Qdi® L)y, 20® 0y, in N, ®PicY,, (3.4)
i=1
Sketch of proof. Fix throughout a joint w € T2,

The space Yo, =[[i erjr<oy Y7 is stratified. We denote by T, ={7 € T'[7 <w} the index
poset for the strata of Y,,. For all 7 €T,,, we denote by U, CY the open star of 7 in Y. It is
clear that {U; NY, | 7 <w} is a Zariski open cover of Y.

Now X, is a fan in a rank two lattice M,,. Denote the cones of X, as follows:

— the cone (0), corresponding to the joint w itself;
— cyclically ordered rays py, ..., p,, also know as slabs;

— maximal cones 7; = (B, Pj1)+-

Denote by dy, ..., d, € N, the primitive normals to the slabs py, ..., p, such that d; >0 on
Pit1-

For all ¢, Construction 3.3 constructs a slab bundle £,,on Y, .

The bundles £,, are obtained from gluing together certain bundles constructed on certain
open covers of Y,,. We are only interested in the open subsets U, NY), for 7 €T, these open
subsets do not cover all of Y, but they do cover all of Y, and, hence, they are sufficient for
working with £, |y, . Let us fix 7 € T, and focus on one of these open subsets U.

We are going to apply Lemma 3.6 to the situation M = M,, M = M, = M/{w), 7: M — M
the projection to the quotient, ¥ =X, and ¥ =w~'%, the localized fan. Abusing notation
slightly, we denote by w=7"1(0), p;=7"1(p;), 0s =7 (7;) the cones of ¥. Furthermore, we
take A=PicY,,, and u;: M — A the unique 2-homomorphism such that, for m € o; " M e

pi(m) = (wa (Diror) (m))> :

Consider local charts for the bundles £,, constructed by choosing a global numbering com-
patible with the cyclic order of the rays p;. The construction of the local charts for £, further
depend on vectors v; € M such that (v;,d;) =1. The corresponding local chart for L, 7.y, is
A(v;). Lemma 3.6 then gives a joint isomorphism

J-(v): Q) di @ \(vi) 0@ Oy .y,  in N, @ Pic(Ur NY,,)
=1

defined locally on U, and depending on v = (v1,...v,) and the global numbering.

"Recall that X is the normalization of Y it is a stratified space where strata are pairs (7,0) of T<o €T and
oeT,
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We need to prove that these local joint isomorphism glue to give a global joint isomorphism.
For this purpose, for all 7 < 7/ (the case 7 =7’ is included), we need to check that

JT(V)|UT/0YW =Jr(v).
For a fixed list of vectors v = (v;) this is obvious, but we also need to address the possibility
of changing v = (v;). The required consistency follows from the way that the local joint condi-
tion behaves under change of (v;) given in Lemma 3.6(2). We also need to check consistency

under change of global numbering around each of the p;; this follows from Lemma 3.2(3) and
Lemma 3.6(3). O

Remark 3.8. If e, eo is a lattice basis of M,,, the map J,, is equivalent to two isomorphisms of
line bundles

n n
J%el : ®(£i|Yw)®di(el) = OYW; Jw,eg : ®(£i|yw)®di(e2) = OYW.
i=1 i=1
DEFINITION 3.9. We define the sheaf of sets LSy as the subsheaf of the direct sum @peT[ll L, on

Y satisfying the following condition. For every point y € Y, the stalk LS, consist of those tuples
of sections (f,), e whose restrictions to Y, for every w € T2 satisfies the joint condition

Ju(di @ (fiy,)) =0®1
at the generic point w of Y.
Notation 3.10. We denote by
LSy =LSyN (DpermL,)
the subsheaf of nowhere-vanishing sections.

Remark 3.11.

(1) In the special situation where TP =0, we get LSy = @peTIH L, and in this situation
LSy is a coherent sheaf. It can be seen that, more generally, if Y is a simple normal
crossing scheme, then £Sy is a line bundle on Y1),

(2) In Definition 3.9 we require the joint condition to hold at the generic point of Y, only.
The only reason for not requiring it everywhere is to allow the sections f, to vanish
somewhere.

4. [,8;5 classifies log structures on Y

4.1 Statement of the main result and road-map of its proof

In this section, we prove the main result of the paper, Theorem 4.3. Before we can give the
precise statement, we need to recall a few notions about log structures and define some key
concepts that enter it. The next definition is really just meant to fix our notation.

DEFINITION 4.1. Let X be a space.

(1) A log structure on X is a pair (98, @) where 9 is a sheaf of monoids’ and a: P — (Ox, x)
is a homomorphism of sheaves of monoids such that

"I this paper we take P to be a sheaf in the Zariski topology. When reading this section, it helps to internalize
early on that our sheaves are sheaves of monoids or groups and rarely are they coherent sheaves.
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Ujp-1(0%) ! a 1(0%) = 0%
is an isomorphism.

(2) A log scheme is a pair (X,) of a scheme X and a log structure 8. The symbol XT
signifies a log scheme with underlying scheme X.

(3) A morphism of log schemes f: (X,B)— (Y, Q) is an ordinary morphism of schemes,
together with a homomorphism of sheaves of monoids f~!£ — ‘B that commutes with
f~1Oy — Ox under the respective maps a.

(4) Let k be a field. The standard log point is the log scheme Spec kT = (Spec k, By ), where
Pr=k* x Nand a: P — k maps (a,n) to 0if n>0 and to a if n=0.

(5) Let k be a field, X a scheme over Spec k, and XT = (X,B) a log scheme. Note that to
give a morphism Xt — Spec k' is equivalent to give a global section 1y € I'(X,P) with
04(133) = 0.18
A log structure on X over the standard log point, or simply a log structure on X over
kT, written X7 / kt, is a morphism X — Spec kf of log schemes; equivalently, it is a pair
(X1, 1) of a log scheme X' = (X,P) and section 1y € T'(X,P) as just described.

(6) The ghost sheaf of a log structure B is the quotient sheaf 3 :=P/a~1(O%). We denote
by 1z € ['(X,B) the image of 1y € I'(X,P). The relative ghost sheaf of a log scheme

XT/kT is the quotient sheaf M := ﬁ/lg.

Before reading the upcoming definition, the reader is advised to recall the definition of viable
ggtc space.

DEFINITION 4.2. Let (Y =[], Yy, (P, 1), {f; |ne€T}) be a viable ggte space.

(1) A log structure compatible with the ggtc structure on Y, or simply a compatible log struc-
ture, is a log structure on Y over kf, ((Y,), 1y), together with a homomorphism of
sheaves of monoids

v PP
such that we have the following.

(a) We have 1(1gp) = 1p and 9 induces an isomorphism
U PJOF =P P

of ghost sheaves. In particular, 1 also induces an isomorphism M — M of the rel-
ative ghost sheaf of the log structure YT /kT to the relative ghost sheaf of the ggtc
space Y.

(b) For all yeY and p €, denote by [¢)(p)] € M, the image of p, and let 7 € £, be
the smallest cone that contains [¢(p)]."”
The condition is a(p) € Oy, does not vanish identically on any component of U.N Uy,
and

div (a(p)) = D+ ([¢(p)]) in Divj U-NUy),

where n =b(y) and D, ,([¢(p)]) is the Cartier divisor of Definition 2.16 (its existence
guaranteed by the viability condition) and Notation 2.17.

"Given Xt — Speck', 1y is the image of 1 €N.
1t 1(p) does not lie on a proper face of Py, then of course [¢(p)] = (0).
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(2) A morphism of compatible log structures (3,v), (B’,4’) on Y is a morphism of log
structures ¢: P — P’ such that for all sections p € B, ¥(p) =¢'(p(p)).

(3) We denote by LS+ (Y') the set of isomorphism classes of compatible log structures on Y.

THEOREM 4.3. Let Y be a viable ggtc space, and let LSy C @p L, be the sheaf of
Definition 3.9.

Denote by LS (Y) the set of isomorphism classes of log structures on Y over k' compatible
with the ggtc structure.

The set-theoretic function

r: LSt (Y) = T'(Y, LSY)
constructed in (4.15) is a bijection.

Next we give an outline of the proof. Details are carried out in the subsections that follow. In
outline, our proof follows closely the proof of [GS06, Theorem 3.22]; however, there are important
differences due to the fact that we start out from an independent construction of the sheaf LSy .

We conclude with a synopsis of the following subsections.

Outline of the proof of Theorem 4.3. Fix a viable ggtc space Y as above. A compatible log
structure Y = (Y,%B) sits in an extension sequence

W%%%ﬁgpéa
Recall that the relative ghost sheaf M =P /1p is a sheaf of groups. We have that
P=MxmP,

where 91 ='P/1y is a sheaf of abelian groups20 that is an extension in the category of sheaves
of abelian groups on Y,

0—-0y =M—M—0.

The relative ghost sheaf M is supported in codimension one and Y is reduced, so
Hom(M, Of)=0. The local-to-global Ext spectral sequence then gives Ext'(M,Oy)=
HO(Y, Ext' (M, O5)).

A key point of the proof is to characterize the extensions that give rise to compatible log
structures. We introduce a subsheaf

Ertl (M, OF) C Et' (M, OF)

which we call the sheaf of reqular extensions, defined by a prescribed asymptotic behaviour at
the boundary. This subsheaf is the same as the corresponding subsheaf defined in [GS06] by
fixing a ghost type. Here, we get around choosing local charts for the log structure by defining
the intrinsic data of the local divisor system (Definition 4.12) and embedding it in the total ring
of fractions.

The next step is to construct a sheaf homomorphism

p: Enti(M, O5) — LS.

Here we need to depart from [GS06]: we introduce the local line bundle system (Definition 4.20)
and construct ¢ as an application of the abstract joint condition Lemma 3.6.

Tt is important to appreciate that 91 is not in any sensible way a log structure: we lack the monoid homomorphism
m — Oy .
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While the proof of injectivity of ¢ is very similar to [GS06, Theorem 3.22], the proof of
surjectivity departs somewhat from [GSO06]. It requires us to introduce 2-homomorphisms from
a lattice into the local line bundle system (Proposition 4.31), sections of these and then gluing
them using the abstract joint condition once more.

Finally, we construct

Pi LS (V) — Extt (M, O5)
and prove that it is also bijective. Composing with ¢ gives a bijection
ro LS (Y) = LS}

This 2-homomorphism in the surjectivity of ¢ also plays a central role in the construction
of a log structure from a section of LSy, see Proposition 4.32. Our point of view in the proof
of Proposition 4.32 closely matches that of [BV12] as was pointed out to us by Bernd Siebert.
A log structure in [BV12] is defined as a certain symmetric monoidal functor. In fact, our 2-group
T(Y) of Section 4.5 agrees with the category Div(X) considered in [BV12, Example 2.5]. O

Synopsis of the following sections.

In Section 4.2 we recall the basics of total rings of fractions and fractional ideals.

In Section 4.3 we work in the affine local situation y €Y and we construct a canonical
resolution of M (in the category of sheaves of abelian groups on Y').

In Section 4.4 we use this resolution to compute &xt'(M, Oy) in the affine local situation,
and to define the subsheaf &xtl (M, O5). The local properties that define it in fact define it for
every Y, not necessarily local.

In Section 4.5 we define a homomorphism ¢: Extt (M, Oy) — LSy in the affine local situation.
In Section 4.6 we show that the definition globalizes to all Y, not necessarily local.

In Section 4.7 we show that ¢: &xtl (M, O5) — LSy is injective; in Section 4.8 we show that
it is surjective.

In the final two sections we complete the proof of the main theorem: Section 4.9 does it in
the affine local situation and Section 4.10 does it in the general case.

4.2 Sheaf of total ring of fractions and invertible fractional ideals

For a scheme X, the sheaf of total rings of fractions Kx is the sheafification of the presheaf
U S(U)IT(U,0p) where S(U)CT(U,Opy) is the subset of those mnon-zero-divisors of
I'(U,Op) that are also non-zero-divisors at every stalk of Op. If U is affine, then the stalk
condition can be shown to be vacuous and S(U) is just the set of non-zero-divisors in I'(U, Oy),
see p. 204 in [Kle79]. The case that concerns us is when X is a reduced scheme whose set of
irreducible components is locally finite, case (b) on p. 205 in [Kle79]. In this case,

Kx = j«(Ox| ass(x))
where j: Ass(X) — X is the inclusion of the set of points x € X for which the maximal ideal
in Ox, is associated to zero. The subsheaf of groups consisting of sections that are nowhere
zero-divisors is denoted K% C Kx.

Ezample 4.4. Consider X = Spec A where A = k[z,y]/(xy), so X has irreducible components
X1=(y=0) and X9=(z=0). For all a,bek[z], ¢,d € k[y] with b,d+# 0, consider the ratio-
nal function f= Z;cigy € K(A). Then fix, =% and fix, =9, so f=(§,§) under the natural
isomorphism K(A) =k(x) x k(y).
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FIGURE 3. The stalks of the sheaf M =P8P/1 at various points of T for the normal crossing
surface zyz = 0.

Following [EGAG7, Sections 19-21], an invertible fractional ideal on a scheme X is a coherent
Ox-submodule Z C Kx that is locally principal. In other words, there is an affine cover of X
such that for all open subsets U = Spec A C X that belong to this cover,

() :A;CICX(U) (4.1)

where s,t are both non-zero-divisors in A. The product of two fractional ideals inside Kx is
again a fractional ideal giving the set of fractional ideals the structure of an abelian group. The
sheaf of groups of fractional ideals on X is denoted by Zd.invx. The sheaf of Cartier divisors on
X is, by definition, the sheaf of groups

HUX:,C§(/O;<(.

The natural homomorphism Divx — Zd.invy is bijective [EGAG67], Proposition (21.2.6). We
denote by Div} C Divx the subsheaf of those divisors whose invertible sheaf has local forms
(4.1) with t = 1. We set Div X =T'(X, Divx) and Divt X =T'(X, Div’;).

4.3 The affine local situation

SETUP 4.5. In this section we work with the following setup, which we refer to as the affine local
situation:

(a) Y =][,cp Y7 is an affine viable ggtc space;

(b) Y has a unique smallest stratum Yn* =Y, which is necessarily closed;

(c) we write M = M, ¥ =1%,, etc.

The purpose of this section is to prove Lemma 4.8, giving a canonical resolution of the
quotient sheaf

M =P /1.
Recall M is so defined that, for a cone 7 € ¥ the stalk M is the quotient M /(T) (see Figure 3).

Notation 4.6. For all 7 € X, denote by @U the constant sheaf on U, with group (7). Denoting
by jr: Ur — Y the inclusion, we write ’

Ly(7) = jri{7); 5

.
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where j is the extension by zero. More explicitly, if U C Y is a connected open subset, we have

(r)y fUCUy,

0 otherwise.

L!(T)(U):{

CONSTRUCTION 4.7. Recall that for an open embedding j: U — U’, we have j* = j' and hence
for a sheaf F on U’, we have an adjunction morphism 77*F — F. With that in mind, and using
that, for 7 < 7, the open embedding j,,: U., =Y factors through j. : U, — Y, we have a
natural map

d7—17—2: .]T1'<7-1>U _>jT2'<T2>U

T1 T2

which at a stalk of a point p €Y is either the natural inclusion (71) C (72) or the zero map,
depending on whether p € U, or not. We define a homomorphism

52': @ LI(TZ') — @ Ly(Ti_l)
TO§-~~§Ti TO§~-~§Ti—1
via 6i(3or < <r, On<ism) =D n < <r Gilar<..<r;) and a component of 0i(ar,<..<r,) is trivial
except for
5i(aT0§...§T,i)Tog...?j...gn - (_1)Ja7'0§...§77,7
where 79 <...7; ... <7 refers to the result of removing 7; from the sequence 79 <... < 7; for
0 <j <1; and for
i
5i(aToﬁ---ﬁqu)Toﬁ---ﬁTifl = <_1) dT’i—lTi(aTog---gTi)‘

In particular,

01 Z Aro<my = Z Aro<r — Z drry (aTgn)- (4.2)

To<T1 - To<T 7T

LEMMA 4.8. Let M denote the constant sheaf on Y with group M. Construction 4.7 gives a
resolution of M by sheaves on Y:

s @ L) P L) = M M 0.

To<T1 TED

Proof. Exactness is to be checked at the stalk level, so let us fix a point p € Y. The complex of
stalks only depends on the stratum Y* that contains p. We have p € U,/ if an only if 7/ < 7. In
particular, Li(7"), = 0 unless 7" < 7. The complex has an increasing filtration Fj, by subcomplexes
given by requiring the maximum for the dimension of the cones in the the chain 7o < ... <7 to
be at most k, that is, dim 7; < k. To show the exactness of the original sequence, it suffices to
show the exactness of the graded quotients with respect to the filtration. The graded quotient
decomposes as Fj,/Fj,—1 = @ giy, - Cr and C- is the complex that result from applying Li(7) ® -

to the complex
cee— @ Z— - — @ -7

T0L...STi=T To<T1I=T

with differential similar to J; as before. This complex is exact, as it can be identified with the
augmented chain complex for the homology of a contractible space. O
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FIGURE 4. The stalks of the relation sheaf R at various points of T" for the normal crossing
surface xyz = 0.

DEFINITION 4.9. The relation sheaf is the sheaf R on Y defined by the exact sequence:
0—-R—->M—M—0. (4.3)

See Figure 4 for an illustration of the relation sheaf.

4.4 The sheaf &xt!(M, O3)

SETUP 4.10. We continue with the affine local situation of Setup 4.5.

In this section we define a subsheaf &rtl(M, Oy) C &t (M, O5), which we call the sheaf of
regular extensions, consisting of sections with a prescribed asymptotic behaviour towards the
Zariski closure U, of U, in Y. Before we can state this definition, we need to discuss some
preliminaries.

LEMMA 4.11. For all cones 7' <7 in %, denote by pI : Oy (Ur) — O5(Uy;) the restriction
homomorphism.
We have the following concrete description of the relation sheaf: for every open U CY

hyim s, 20}

T(U, Hom(R, O3)) = { h € Hom (@ Li(7), o;) (U)

~ L hey: () = Oy (UNU;)* is a group homomorphism (4.4)
~ " 7€ |and for every 7' <7 we have pI 0 hy = hoj() ‘ ’
Proof. Straightforward from Lemma 4.8 and the adjoint properties of the functor j. O

DEFINITION 4.12. The local divisor system is the system of group homomorphisms {D,, -|7 € ¥}
where, for all 7 € X,

Dy ;: (t) = DivU,
is the group homomorphism of Definition 2.16 and Notation 2.17.

Notation 4.13. Because in this section 1 € T is the unique smallest stratum, in this section we
suppress the subscript n from the notation and simply write D, instead of D, -.

LEMMA 4.14. The local divisor system satisfies the conditions (A), (B) and (C) given below.

Note that if 7/ <7, then U, DU,. In the statement of the conditions we denote by
ﬁ: : DivU, — Div U, the restriction of Cartier divisors: this restriction is defined because U,
is a union of irreducible components of U,.. Figure 5 gives an illustration.
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)y U,
U-
7! /\
2 /~ /1
supp(im(D)) supp(im (D))

FIGURE 5. U, C U, for 7/ < 7.

The conditions are as follows.
(A) Fan property. If 7/ <7, then
Py 0 Drr =Dy,

(B) Positivity. We have D,((r);) C Divt U,.

(C) Support property. The composition of D, with the restriction Div U, — Div U, gives the
trivial map. In particular, none of the divisors in D,((7)) contain the stratum Y in their
support; hence all of these divisors are restrictable to Y.

Proof. The statement is a straightforward consequence of the definition. By construction of D,
see Definition 2.16, we may assume that Y = Spec k(n)[3,] with D;(m)=div 2™, where the
result is basically obvious.
Part (A) follows from observing that for m € 7/, by definition, D,(m) = div 2™ € Div Q,» and
so pT o D,/(m) is its restriction to €, which of course agrees with D, (m) = div 2™ € Div Q..
Part (B) is clear because D.(m)=div 2™ is a principal divisor of a regular function.
Moreover, since 2™ is invertible on Q. for m € 7, its support is contained in Q. \ €2;, so we
deduce part (C). O

We are now ready to define the subsheaf &t} (M, Os). As in Section 4.2, we denote by Ky
be the sheaf of total rings of fractions on Y and a Cartier divisor D on Y gives the subsheaf
Oy (D) C Ky.

DEFINITION 4.15.
(1) Let U CY be an open subset, and consider a section (h;)rex € I'(U, Hom(R, Oy )). Denote
by hr: (1) = Ky (U, NU) the composition of h,: (1) = O3 (U, NU) with the inclusion
O3 (U-NU) = Ky (U-NU).
We say that h is regular if for all 7€ and mer, h;(m) is a generator of
O ~u(=Dz(m)) CKy y as a O y-module. We denote by

Home(R, Oy) C Hom(R, O5)
the subsheaf of regular sections.

(2) Consider the exact sequence:
Hom(M, O3) — Hom(R, O3 ) — Ext' (M, O5) — 0. (4.5)

The sheaf of regular extensions, denoted by &xtl(M, Os), is the image of Hom.(R, Os)
in &xt' (M, O5).

32

https://doi.org/10.1017/52949764726100253 Published online by Cambridge University Press


https://doi.org/10.1017/S2949764726100253

How TO MAKE LOG STRUCTURES

4.5 A morphism ¢: &t!(M, O3) — LSy in the affine local situation

SETUP 4.16. We continue with the affine local situation of Setup 4.5, and we assume in addition
the following.

(d) For all 7€, and all m € 7, O(—D,(m)) is a trivial line bundle on U.

CONSTRUCTION 4.17. Let U CY be open and h € I'(U, &t (M, O5)). Because of assumption
(d) of Setup 4.16, h lifts to

(hr)res € Home(R, O5)(U).

Consider two maximal cones o1, 02 € ¥ meeting along a common facet p. We choose ez € ((p) +
o9) N M at integral distance 1 from p and set”

Po(h) =ho,(€2))y, ® ho,(—€2))y, (4.6)
and the regularity of i implies that ¢,(h) is a generator of the chart
Ao(€2) = Ou, (Do, (—€2))y, ® Ov, (Do, (€2)) y, (4.7)

of the line bundle £,.
LEMMA-DEFINITION 4.18. Let U CY be open and h € T'(U, &tl (M, Os)).

(1) The section p,(h) eT'(Y,NU, L,) of Construction 4.17 does not depend on the choice
of the lift (h:)rex, € Home(R, Oy )(U), nor on the choice of es. Thus, Construction 4.17
provides for all p e TN a morphism of sheaves

0p: EXti(M, 05) = L,
(2) Assembling the morphisms of part (1) gives a morphism EBpeTUJ Pp: Extt(M, Oy) —
@peTm L,. The image of this morphism lies in ES;.

The two parts show that Construction 4.17 provides a morphism ¢: Extt(M, O3) — LS5

Beginning of the proof of Lemma-Definition 4.18. We show that ¢(h), does not depend on the
choice of lift (h;);ex € Home(R, Oy )(U) and also that it does not depend on the choice of es.
Another choice of lift differs from the chosen one by an element

ue HOm(M, O;)(U) = HomgroupS(M7 OY(U) 8 )’

so it can be written as (uh;)rex and then

p(uh), = (u(e2)hq, (€2)))y, © (u(e2) ' ha,(—e2))y,
agrees with ¢(h),.

A different choice € of ey differs by r=ef), — ez € (p) and leads to a different chart \,(e5)
of £, which is isomorphic to the one in (4.7) via the isomorphism %, from Lemma 3.2. It is
straightforward to see that the assignment of the section ¢ (h), to the tuple (h;)rcx is compatible
with .

We have thus constructed a morphisms of sheaves of sets ®,¢,: Extt(M, O3) — D » Lo We

next explain why its image is contained in £S5, i.e., why its elements are nowhere-vanishing

*'1t is intentional that A(v;) = pi—1(—vi) + pi(vi) from (3.1) has a different sign in the arguments when compared

with @, (h) = hi, (¢2) 1y, @ o (—c2) .-
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and satisfy the joint condition. That they are nowhere-vanishing follows immediately from the
regularity property.
Before showing that the joint condition holds we need to discuss some preliminaries. O

DEFINITION 4.19. Let X be a space. The 2-group T(X) of trivialized line bundles on X is the
strictly commutative 2-group where:

— objects of T'(X) are trivialized line bundles on X, that is, pairs (£, s) where L is a (trivial)
line bundle on X, and s: Ox — £ an isomorphism;

— amorphism from (L1, s1) to (L2, s2) is an isomorphisms s: £1 — L9 such that so = s 0 s;.
The monoidal structure in T'(X) is given by tensor product
(L1,51)(L2,52) = (L1 ® L2, 51 ® 52)

and the distinguished neutral element is the trivial line bundle Ox with the unit trivializ-
ing section 1. For (£, s) we have the inverse (£*, (s*)™1) where £* =Hom(L, Ox) denotes the
dual and s* the dual map. For any pair (L1, s1), (L2, s2) € T'(X), there is a unique morphism
(L1, 51) = (L2, s92) in T(X), so, in particular, we have unique morphisms

(L1 ® Lo,51@52) = (L2® Ly, 52 @ 51),

(L,s)(L* s = (Ox,1)
and T'(X) is thus strictly commutative.

DEFINITION 4.20. Fix a codimension-two cone w € ¥ and denote by w™'Y the localized fan.
The local line bundle system associated to a regular element (h;)rcx € Hom.(R, Oy )(U) is the
continuous piecewise linear 2-homomorphism (recall Definition 3.5)

he: M —T(Y,NU)

such that if 0 € w™1Y is a maximal cone and m € o, h*(m) = (O(—Dy(m)), ﬁo)|yme. Regularity
of (hr)rex makes h* well-defined.

End of the proof of Lemma-Definition 4.18. To see that ¢ is well-defined as a morphism to LSy,
we need to argue that elements in the image of ¢ satisfy the joint condition. We have defined
the local line bundle system associated to a regular element (h;)rex € Home(R, Oy )(U) on an
open U CY. The abstract joint condition Lemma 3.6 applied to h*¥ for every codimension-two
cell w implies that the image of ¢ is indeed contained in LSy (U). ]

4.6 Globalizing the construction of ¢

LEMMA 4.21. Let Y be a ggtc space. Then Y has a cover by affines that satisfy properties
(a)—(d) of Setups 4.5 and 4.16.

Proof. The proof is straightforward. To satisfy property (d), we need to show that every y €Y
has an affine neighbourhood y € U such that property (d) holds on U. If y € Y;¥, we may restrict
to Y =U,. We want a neighbourhood y € U such that for all 7€ ¥, and all m € 7N M,, the
line bundles O(—D,, -(m)) are trivial on U. This is easy to achieve based on the facts that: T' is
finite, and all monoids 7 N M,, are finitely generated. O
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The goal of this section is to show that for all ggtc spaces Y the morphisms of sheaves
defined in Lemma-Definition 4.18 in the local situation automatically glue to define a morphism
of sheaves ¢: &l (M, O5) — LS. The key result that makes everything work is the following.

LEMMA 4.22. Let Y be an affine ggtc space satisfying conditions (a)—(d) of Setup Setup 4.5
and Setup 4.16 and n) € T' unique smallest stratum. Write M = M,,, ¥ =%, etc. We identify the
poset of strata with the poset of cones of ¥; note that, under this identification, n corresponds
to the cone {0} € X.

Consider now an affine open Y' C Y, also satisfying conditions (a)—(d). In particular, Y’ has
a smallest stratum 7' € ¥ (and we allow the possibility ' ={0}). We write

M'= M, =M/(n), m: M — M’ the projection, X' =%, =%/, etc.

Note that the cones of ¥/ (also known as the strata of Y') are the projections of the cones 7 € X2
such that n' C 7.
In the notation of Definition 4.12, we have the following.”

D) Sheaf property For all W C T and all me TN M,
Y n
Z)W:T(m)li”ﬁf’r = Dn/’ﬁ(T) (m(m)).

Proof. As for the proof of Lemma 4.14, the statement is a straightforward consequence of the
definition. By construction of D, see Definition 2.16, we may assume that Y = Spec k(n)[%,]
with D;(m) =div 2™, where the result it is basically obvious. O

LEMMA 4.23. For all ggtc spaces Y the morphisms of sheaves defined in Lemma-Definition 4.18
glue to define a morphism of sheaves

o Et (M, 0F) — LSE.

Proof. By Lemma 4.21, it is enough to consider the situation Y’ CY of Lemma 4.22.

We want to check that the respective definitions of ¢ resulting from using either Y or Y’ agree
on the smaller open set Y’. This is, basically, an entirely straightforward exercise on unpacking
the definitions, but we spell it out in some detail.

The issue is that we are working with two relation sheaves, defined and related by the following
commutative diagram of sheaves on Y’ with exact rows and columns, where the notation is
self-explanatory.

0 0
0 R/ M’ My 0
O—>R‘Y/ M\Y’ M|y/ 0

“In the display, U, is the star of 7 in Y, and U is the Zariski closure in Y.
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The two relation sheaves lead to two computations of the extension sheaf, summarized in the
following commutative diagram of sheaves on Y’ with exact rows and columns, where the notation
is self-explanatory.

Hom(M', O3)) Hom(R/, O5,) — Ext' (M}y+, 05,) —=0
x

HOm(M|Y/, O;,) E— HOm(RD//, O;/) E— g.’l?tl(MD//, O;,) E— 0

Hom((n'), O5,) === Hom({n'), O5)

Let pe XY’ be a submaximal cone at which maximal cones o},c% are incident. Denote by
@), Eoti(Myr, OF,) — L, the morphism of sheaves obtained by construction 4.17 on the space
Y’, and by ¢,: Exté(./\/l‘y/, Os,) = L, the morphism of sheaves obtained by Construction 4.17
on the space Y. We want to show that ¢’ = .

Consider a regular extension h € &xt! (Mjy+, 05,). In order to compute ¢’(h), we need to
choose a lift in the first row

(he')rresy € Home(R!, OF,)

and follow Construction 4.17 on Y’. Recall that we denote by 7: M — M’ the natural projection:
the cones 7/ € ¥’ are the projections of the cones of ¥ that contain n’. The result follows from
the observation that

(hT’ o W)n’CT/EZ = X((hT’)T’EE’)

is a lift of h in the second row; that because of Lemma 4.22 it lies in Hom.(R)y, Oy, ); and
that therefore it is good to feed to Construction 4.17 on Y. Unpacking the results leads to

p(h) =¢'(h). O

4.7 The morphism ¢ is injective

LEMMA 4.24. Let Y be a ggtc space. The morphism ¢ of Lemma 4.23 is injective.

Proof. In order to show the injectivity of ¢, we may work on Y affine satisfying properties
(a)—(d) of Setups 4.5 and 4.16.

Assume that we are given two regular tuples (hq)oes, (h,)oex € Hom(R, Oy ) that map to
the same section of LSy under ¢.

For o €Y% a maximal cone, the quotient g= (hs/h,)ses is a homomorphism gy: M —
O(U,)*. To prove the injectivity of Y, we want to glue these maps to a homomorphism
g: M —O(Y)*, that is, g € (Y, Hom(M, Oy)).

For gluing along a slab p with o1, 02 the maximal cones containing p, since g,,, g5, already
agree on (p), we only need to consider es € oy at integral distance one from p and we need
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to have go, (€2)}y, = 9o, (€2) )y, Assuming o(h) = ¢(h') gives that ¢((ho)sex), and ©((hg)oex),
define the same section of £,. In view of the definition (4.6), we then have

o, (e2)y, ® hoy(—€2)y, =l (e2)y, ® hly, (—€2)y, -
and rearranging factors yields
gle2)y, = 9(—62)‘}1 (4.8)

as desired. We can use (4.8) to glue the homomorphisms gy, : M —T'(Us,05) and go,: M —
I'(Us,,Oy) to a homomorphism g: M —TI'(Uy, UU,,, Oy). Attaching similar gluings along
other slabs eventually yields a homomorphism g: M —I'(Y, Oy) with the property that on

each U it equals h, /.. It follows from Equation (4.5) that the tuples (h,) and (h.) project to
the same section in &xtl (M, O5) and hence ¢ is injective. 0

4.8 The morphism ¢ is surjective

THEOREM 4.25. For every viable ggtc space Y, the morphism ¢: Extt(M,O5) — LSy is
bijective.

The statement is local, hence we may work in the following.

SETUP 4.26. In the rest of this section we assume that Y satisfies properties (a)—(d) of Setup
4.5 and Setup 4.16 and use freely the notation of Setup 4.5.

We begin with some preparations; the proof of the theorem is at the end of the section.
Notation 4.27. For all maximal cones o € ¥ we denote by
E, € N @ Pic(Y,) = 2-Hom(M, Pic Y,)
the 2-homomorphism such that for all m € M, E,(m) = Oy, (—Dy(m)).

CONSTRUCTION 4.28. Consider two maximal cones o1, 03 € ¥ meeting along a slab p. Denote
by ds, 0, € N the primitive normal to p which evaluates non-negatively on os.
We construct an isomorphism:

Yoros [Ely, = doroy @ L] — Eqpy, in N @z Pic,, (4.9)

Note that this thing unpacks into a collection of isomorphisms, one for each m € M:

o

—dsio5(m) =
Yoron(m): B, (m)y, ® £, %17 25 B, (m)y,

and such that 1,,,,(m) depends ‘linearly’ on m.

For m € (p) N M we have dy,,(m)=0: in this case, we define ¢, ,,(m) to be the obvious
isomorphism obtained by restricting to Y, the restrictable divisors D, (m).

Now fix eg € M with dy,4,(€2) = 1: this gives us the chart

Ae2) = Oy, (Do, (—€2)) )y, @ O, (Do, (€2)),y,

for £, and we carry out the construction by working in this chart.
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For m = ey, we define

Yo, 0, (62) : (E01|Yp —ds,5, ® )\(62))(62)
= FEy, (€e)y, ® Aeg) ™!
— Oy, (~Da,(e2))y,  (Ox,, (Do (~€2)),, © O, (D fea))y, )"

— Oy, (—Dg,(e2)) = E,,y,(e2).
For general m € M, there is a unique way to write m =m’ + key with m’ € (p) and k € Z, and
we define ¢y, o, (M) = V0,0, (M) @ Vg, 0, (e2)®F.
We leave it to the reader to check that all the isomorphisms that one constructs similarly
by working in different charts for £, glue (see the proof of Corollary 3.7 for a model discussion)
and that the construction is linear in m € M.

Notation 4.29. Assume Setup 4.26 and Notation 4.27.
Fix a nowhere-vanishing section f, € I'(Y,, £,).
Construction 4.28 provides an isomorphism

¢0102 (fp): E01|Yp — Eag\Yp in N ®@(Yp) (410)
given, for all m € M, as the composition

Oxfy ot —d
Eo (m)yy, = Eq.(m)y, ® L,

o100 (m) Yoyog (m)

EUz (m)|Yp'
DEFINITION 4.30. Let Y be a space, M a lattice, N =Hom(M,Z) and E an object of the
category N ®z Pic(Y). R

A section upgrade of E is an object E of N ®zT(Y) that maps to E under the forgetful
functor; in other words, E = (E, e) where e: N ® Oy — E is an isomorphism.

PROPOSITION 4.31. Let Y be an affine viable ggtc space as in Setup 4.26, y € Y a (closed) point,
and let E/ be as in Notation 4.27.
For all (f,),erm € T'(Y, LSy ), possibly after shrinking Y to a smaller affine neighbourhood

of y €Y, there exists H e N ®T(Y') such that:
(1) for every maximal cone o, H lv, = (Es, e5) is a section upgrade of Eg;
(2) for all pairs of maximal cones 01,09 that meet in a slab p, denoting by
Vo0, (fp): Egyly, = E,., |y, the isomorphism of Notation 4.29, we have

Q7[)6710'2 (fp)(eal|Yp) = CoulY,-

Proof. The boundary complex of a polytope or polyhedral cone is shellable. Recall that this
means that there is a shelling, that is an enumeration

01,02,...

of its maximal cones such that for every k£ >1 we have that By = (Ule U¢> Nogy1 is a pure

polyhedral complex of dimension dim M — 1 homeomorphic to either the cone over a ball or the
cone over a sphere. Pick a shelling of ¥ and fix it for the rest of the proof.

Choose a section upgrade Hy = (E,,, €4, ). The cones o and o3 share exactly one submaximal
face p and Notation 4.29 implies that

(Eoaly,» Voros (fp)(€ayy, )
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is a section upgrade of E,,|y, . We extend it to a section upgrade (Ey,, €5,) of Es,. (This extension
might require us to shrink Y to a smaller affine neighbourhood of y.) After this step, we have
produced section upgrades Fy,, E,, of £, , E,, that glue along Y, to give
Hye N@T(Y,, UY,,).
Writing Y1 =Y, U---UY,, |, assume by induction that we have constructed:
Hp 1€ N®T (Y1)

such that parts (1) and (2) hold for all cones o; and for all pairs of cones 0y, 0; with i, j <k —1.
We construct Hy as follows. In the following, we write Hy_1 = (Hp_1,ur_1) where H_1 €

N ® Pic(Yy—1) and Iﬂ: is a section upgrade. Let i1 < --- <4, <k — 1 be the indices such that
0i, Nok=pm € T, We have that

Y1 MYy, =Y, U - UY,..
The first step is to construct Hy € N ® Pic(Yy) by gluing the Hp_q to E,, by using the

isomorphisms

Qﬁmmok (fpm): Hk’—l‘Y ;Eak‘ypm'

Pm

Claim. These isomorphisms agree on the joints Y,, where two of the Y, meet.

To prove the claim, let us choose such a w where two of the p meet and see what is going on
on Y,,. Since

Bi—1=p1U---Upy,
shellability implies that exactly two p meet at w, say p, and pp. We need to show that
Voron (Fp) v, : He1y, = Eoly,  equals Yo, o, (fp,)1v, : Hi—1jy, = Eo,lv, -
Shellability implies that there are two increasing sequences of indices:
a<--<as<k—1 and b <---<b<k—1 whereay=0b1, as=1,, by =1
such that

Oa1y0a595++-30a,50k,0b,5---,0p,

is a cyclic enumeration of all the maximal cones of ¥ incident at w. In what follows, we denote
by fa, the slab section on o4, No,,,, and by f;, the slab section on o3, N oy, ,, The claim follows
from the identity:

¢Ua,sok(fas) T wﬁa,loaz (fal) = wobtok (fbt) T wm)lmu (fln) (4-11)

on Y,,. Evaluating at m € M and using the description in Notation 4.29, identity (4.11) is the
joint condition:

doq oy (M) doay oay (M) doy, o (M) oy, o, (M)
k 1%az :fb ¢ e fy P02 )

As ar t by

This proves the claim, and the claim readily implies the result.

Proof of Theorem 4.25. We have shown injectivity in Section 4.7. It suffices to show surjectivity
of ¢ at a stalk y €Y. Given s=(f,), € '(Y,LS}), let He N®T(Y) denote the object given
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by Proposition 4.31. By the construction of H , for every cone 7 € ¥, the restriction of H: M—
T(Y) gives a group homomorphism

he: (1) = O(U;)*.
Moreover, the regularity condition from Definition 4.15 is satisfied by the construction of h
because m € (1) maps to a generator of Oy (—D7(m)). The collection of maps h = (h;)rex is

compatible in the sense that p:' 0 hyr = hr|(ry whenever 7/ <7 and so, by (4.4), the collection h
of h, constitutes a section of Hom.(R, Oy ) and thus it gives a class in I'(Y, &t (M, O5)). By
the the key property of H stated in Proposition 4.31(2), we have ¢(h) = s. O

4.9 Local sections of &ﬂt}: give log structures locally
PrOPOSITION 4.32. Let Y be an affine viable ggtc space as in Setup 4.26. Consider a regular
extension of sheaves of groups

0—=0y =M—M—0.

Then the fiber product B :=9M xrq P comes equipped with a monoid homomorphism « to
(Oy, x) that yields a compatible log structure on Y/k'.

Proof. Consider the relation sheaf sequence (4.3) (this is the same as the first line in (4.12)). By
definition 901 is in Extl (M, O5) if M = (h) for a regular h € Hom.(R, O5), where d denotes the
boundary map

9: Hom(R, O5) — Ext' (M, O3).

In concrete terms, given h: R — Oy, the extension dh is constructed by push out:

0 R M M 0
hl i (4.12)
0 o) m M 0

with exact rows and cocartesian squares, where
M=0y &r M =(0y & M)/{(h(m),—m) | meR}. (4.13)

Our M arises in this way from a regular h € Hom.(R, Oy ). From the concrete description
of Lemma 4.11, h = (h;);ex where h.: (1) = O(U;)* is a group homomorphism and, for every
7' <7, pT o hy = h,. Definition 4.15 states that h is regular if, denoting by

L O3 (Ur) = K(U)
the natural inclusion, we have that for all 7 € ¥ and all m € (7)
hy(m) =ty 0h(m) is a generator of Og. (=D7(m)).

We are now ready to define the log structure a: P :=M x P — Oy. For all 7€, we
describe

ar: P(U,) = M(U,) x 1. Pr— OU).
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For all 7€ X, denote by m: M — M, =M/(r) and by ¢,: P — M, = P./1, the natural
projections. An element of PB(U;) is a pair ((£,m),p) where £ € O(U;)*, me€ M, p€ P;, and
7 (m) = - (p).

If ¢ (p) =0, that is, p € 1, + Pr, then we set a,(({, m),p) =0.

Otherwise, there is a smallest cone 7 < 7’ such that m € 7" and 7, (m) = ¢, (p). Note that, in
this case, U, N U, C U, is a union of irreducible components. In this case, we set

ET/ (m)g‘WmUT on U NU;;

067-((£7m)7p):{0 on UT\UT"

The key observation here is that, when m € 7/, the divisor D,.(m) € Divt U, is effective; and
hence the rational function .- (m)ﬁlUT,nUT is in fact regular and it vanishes on the boundary,
and hence it can be extended by zero to a regular function on all of U.

It is straightforward to check that « is well-defined; that it is a log structure; and that the
global section ((1,0),1p) defines a morphism of log structures Y — (Spec k). O

4.10 Proof of Theorem 4.3

We want to generalize the constructions in the previous section from the affine situation to the
general situation. We begin by rephrasing Proposition 3.11 in [GS06] as the following lemma.

LEMMA 4.33. Let X be a reduced Deligne—Mumford stack with two log structures o, o/: g —
Ox with identical monoid sheaf. We denote 3= o/ , 0 (8 is an isomorphism onto O%.

I(a)=1(0%)
If aof~: O% — O is the identity, then a=d/'.

Proof. Consider a, o’ at the generic point 1 of a component of X, ay, o, : By, = Ox . Since Ox
is a field, given m € P, either ay)(m) =0 or ay(m) is invertible, similarly for a; (m). It follows
from the assumptions that a,, = a;. Since X is reduced, for any open set U, Ox (U) injects into
@neU Ox,, where 1 runs over the generic points of the components of X. The homomorphism
a is thus determined by the homomorphisms «a; and thus o=’ O

Proof of Theorem 4.3. Let Y be a viable ggtc space.

Step 1. We construct a morphism of Zariski sheaves of sets on Y
Y: LSpr — &xth (M, O5). (4.14)

We construct a set-theoretic function LSy (Y) — T'(Y, Extl (M, O5)) that assembles to a sheaf
morphism in the input Y. Let a: 8 — Oy be a compatible log structure. Using ¢: P — P from
part (1) of Definition 4.2, we can write =9 x p( P where 9 =P /1y. All relevant maps being
bijective, we identify the projection of a1 (Os) in M with Oy and obtain an exact sequence as
shown as the bottom row in (4.12). We need to show that its extension class lies in &t (M, Os).
This is a local question, so we may assume that [90t] = d(h) for some h € I'(Y, Hom(R, O5)) so we
have a diagram like (4.12). We may also assume that Y is affine as in Setup 4.26. We want to show
that h = (h;),ex is regular. We need to ‘extract’ h-(m) from the datum of the log structure. Fix
m € M and let 7 € ¥ be the smallest cone that contains it. There is a unique m € P \ (1, + P;)
that maps to m under the projection P; — M, = P./1,, and it is tautologically the case that,
interpreting the pair ((1,m), m) as an element of P(U,) =IM(U,) x . Pr,

hs(m)=a(m) € O(U;).
By part (b) of Definition 4.2, div(h,(m)) = D,(m). This holds for all m € M, hence h is regular.
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Step 2. The morphism 1) is injective.

We need to show that if two compatible log structures give rise to the same extensions, then
they are isomorphic as compatible log structures. If the extensions are the same then the two
log structures must have isomorphic monoid sheaves compatibly with the respective embeddings
of Oy and the result follows from Lemma 4.33.

Step 3. The morphism 1 is surjective.

Start from a class in (Y, &t (M, O5)) CT(Y, &t' (M, O5)). Since M is supported on the
union of slabs, which is of codimension one, we have that Hom(M, Os) = 0. The local-to-global
Ext spectral sequence then implies that I'(Y, &' (M, Os)) :Extl(/\/l,(’);), so we obtain a
sheaf 9t that sits in the middle of an exact sequence as in Proposition 4.32. We then pro-
duce the monoid sheaf 3 :=9 x 4 P which locally comes with a homomorphism to (Oy,-)
by Proposition 4.32. These local maps glue to a global one by the uniqueness of these maps
according to Lemma 4.33.

Step 4. End of proof of Theorem 4.3.

We define the composition

r=pot: LS — LSy (4.15)
of ¢ from (4.14) with the bijection ¢ from Theorem 4.25. 0
5. Examples

5.1 Two components

In this section, Y consists of two smooth components Y7, Yo meeting along a smooth irreducible
divisor D CY; (i=1,2) all defined over k. First, we describe a sheaf of monoids P on Y that
allows us to equip Y with the structure of a ggtc space; then, we study the log structures 3 on
Y that have ghost sheaf P, and finally we see how to keep track of a morphism to the standard
log point Spec kf. This is the most elementary example of the theory but it is nevertheless quite
rich and it is well worth it to invest the time necessary to understand it completely.

The simplest source of examples of log structures on Y are embeddings i: Y — X into a
smooth scheme X. More generally, we can look at an embedding where locally analytically (or
étale locally) Y = (t =0) C X where X = (zy +1t"=0) CA3  ; x A™ for m = dim D.

Given such an embedding one can form the divisorial log structure ‘Bxy =Ox N O)X(\Y on
X, and the log structure Py =i*Px y on Y. In the following we make log structures on Y of this
étale local type without reference to an embedding. Fix an integer r > 0, consider the sublattice

M = {(n1,n2) | n1 =no(mod r)} C Z2,

illustrated in Figure 6, and let P = (e1, ea)+ N M be the monoid of lattice points in the positive
quadrant. This monoid is generated by (r, 0), (0, 7) and (1, 1) with the obvious relation. We use P
to define a sheaf of monoids on Y as follows. For a connected Zariski open subset U C Y, we set
P ifUND#0,
PU)=1q P/{rea) =N if UCY Yy,
P/(re1) =N ifUCY\Y.
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®@ O O @ O O e
O O @ O O @ O
O @€ O O e OO
® O O @ O O e
O O @€ O O @ O
O @€ O O e OO
® O O @€ O O e

FIGURE 6. The sublattice M C Z2 for r = 3.

Now Y is a ggtc space with ghost sheaf P in a natural way: if locally at the generic
point n€ D we have Y = (zy=0) where say Y1 =(y=0) and Y= (x=0), then we have
k[P]=klz,y,t]/(zy +1t"). In what follows, it is crucial to understand that z € k[P] vanishes
with multiplicity r along Ys.

PropoSITION 5.1. Let r >0 and Y =Y + Ys a toroidal crossing space as just described. To
give a log structure 3 on Y is equivalent to giving line bundles L1, L2, £ on Y, homomorphisms
ay: L1 — Oy, as: Lo — Oy such that

o)y, LI\YQ i) OYZ(*D) C Oy, and oy, = 0, (5.1)

Qg|y; - £2\Y1 i} Oyl(—D) - Oyl and Qoly, = O, (52)

and an identification s: £LZ7 s L1 @ Ls.

Sketch of proof. We construct a log structure from the data spelled out in the proposition. First
of all, for p=mn1(r,0) +¢(1,1) € P, that is, ¢ > 0,n; € Z satisfying n; + q/r > 0, write

LP= L8 @ Lo,

Note how this choice singles out a 2-homomorphism from the monoid P, viewed as a category,
to the 2-group Pic Y. The log structure is the sheaf of monoids:

]_[pepﬁp(U)X ifUND#0,
PU) = Hyen £29U)* i UCY \ Y3,
]_[qel\lﬂg’q(U)X ifUCY\Yy,
together with the obvious homomorphism «: 8 — Oy. O

We want to understand isomorphism classes of log structures on Y over Spec k', where we
map N — P by taking 1 to 1 = (1, 1): it is surprising to see that this set has a simpler description
as follows.

PROPOSITION 5.2. Let Y =Y7 + Y5 be a toroidal crossing space as above. The set of isomorphism
classes of log structures on'Y over Spec k' is the set of nowhere-vanishing sections of the sheaf

Lp = (Ny,D) ® (Ny, D).

Sketch of proof. Suppose given a log structure B on Y, making it into a log scheme Y. In
the notation of the previous proposition, a morphism YT — Spec k' is precisely the datum of a
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nowhere-vanishing global section oo € H°(Y, £). This also gives a section o =0} € HO(Y, L")
that we pass through the isomorphism s to trivialize the line bundle £1 ® Lo. Thus, for example,
we have

L1}y, = Oy, (=D),
Lay, " L3y, = Ov, (D).
Thus, £, is glued together from an isomorphism
f: OYz(_D)|D = N;QD i) NY1D = OY1(D)|D
or, equivalently, a nowhere-vanishing section of

LSy = (NYID) & (NYQD) 0
In particular. in order for the log structure over Spec k' to even exist, one must have that
LSy is a trivial line bundle.

Remark 5.3.

(1) Perhaps surprisingly, the sheaf £Sy =Lp in the example, and thus the fact of the
existence of a compatible log structure over the standard log point, does not depend
on r.

(2) It is a matter of convention whether LSy = Ny, D ® Ny, D or its dual. Our convention
is motivated by the fact that we want LSy to have lots of sections when Ny, D ® Ny, D
has lots of sections. These sections of LSy are useful even when they vanish somewhere
and we think of them as giving ‘singular’ log structures, as justified in Definition 5.4.
Furthermore, sections with vanishing loci in £Sy may arise from restrictions of divisorial
log structures of a pair (X, Y') to the divisor Y. The convention also fits with the existence
of an isomorphism £Sy 275! in the normal crossing case [FFR21].

DEFINITION 5.4. We adopt the following language from the Gross—Siebert program initiated in
[GS06].

(i) We say that a section of LSy whose vanishing locus is a divisor Z C D is a log structure
onY singular along Z. A priori, the log structure is only defined on Y \ Z. A log structure
on all of Y can be produced by taking the direct image of the log structure on Y \ Z.
This direct image log structure fails to be coherent along Z. Failure of coherence prevents
the log scheme from satisfying the formal log smoothness lifting criterion as we explain
in the simplest example below, so calling the log structure singular along Z is justified.
With regards to part (2) of the previous remark we view a log structure from a section
of LSy on an open set that extends with poles in its complement as pathological.

(ii) In the above example, the sheaf LSy was a line bundle on D, identical with the unique
slab bundle. More generally, as in Definition 3.9, LSy is defined as a subsheaf of the
direct sum of slab bundles cut out by the joint condition. We call a section f, of a slab
bundle £, a slab section, typically studied in a local trivialization of the bundle where
we may also call it a slab function.

(iii) Each slab bundle comes with a positive integer like the integer r above which appears in
its frame from the relation xy = 2". We refer to this integer as the kink of the slab.
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5.2 The easiest singular log structure

It pays off to study the easiest singular log structure that there is and understand it
completely.
Consider A with coordinates x, y, u; we take X to be the surface

X = (zy=0) C A%
Note that X consists of two components
X1=A7,=(@y=0), Xo=A], =(x=0),

Let us write S=X1 N Xy = A}r The slab bundle for the slab S is trivial. We endow X with the
log structure over k' given by the slab function

fo(u)=u
on S. Denoting the origin by 0, we set Z={0} C S, write U = X \ Z, S* =S5\ Z and denote by
J: U — X the natural inclusion. Since f, vanishes outside U, the log structure only exists on U
and we denote its sheaf of monoids by Py. To obtain a log structure on X we use Mx = 5. Pu
and arrive at a log morphism f: Xt — Spec k' which is not formally log smooth at Z. This can
be seen as follows. One first verifies that the stalk ag: Mx o0 — Ox o agrees with the stalk of
log structure obtained as pull-back from Spec k. That is, the log morphism f is strict at 0.
Since the underlying morphism is not formally smooth, there is a test diagram with a square
zero extension as in the definition of formal smoothness that has no diagonal map. Enrich this
diagram with pull-back log structures from Spec k' and it also will not have a diagonal map, so
formal log smoothness fails at 0. On the other hand, formal log smoothness works over U which
we leave as an exercise.
As explained in Section 5.1, the log structure on U is determined by line bundles

Liv, Loy, Ly

on U, and homomorphisms «;: L;;7 — O satisfying the conditions in Proposition 5.1, and

s: Ly i£1U®£2 v- Following the recipe in the proof of Proposition 5.2, the line bundle
Loy, for example, is obtained by assembling the line bundles Oy, on U; and Oy, on U; via the
isomorphism

multiplication by u: Oy, g+ = Og- = Og+ =Oy,s--

It follows from this that £ = j,L2y is the reflexive sheaf on X associated to the k[z, y, u]/ (4y)-
module

My =T (L1y,U)={(e1=(1,u), ea=1(0,y) | ye1 = ueq, xes).

Note for example that (z,0) =ze1, (1,u+y) =e;1 + e2, etc. Although L5 is not a line bundle
on X, the restrictions Ly x, and Lyx, are line bundles.
The homomorphism a: M — k[x,y]/ () is defined as

O‘(lau):w7 Oé(O,y)IO,
that is,

a £2‘X1 i)OXl(—S), a £2|X2 =0
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F1GURE 7. The moment polyhedral complex of the surface X.

Naturally £; = £Y and £ = Ox = £,[®]L2 where [®)] refers to the reflexive tensor product.”
Take Y1 = X4, let Yo — X5 be the blow up of X» at the origin, assemble Y; and Y5 to obtain
Y and denote by f: Y — X the proper birational map; the exceptional set is F=P!' CY and
fi\e: Y\ E— X\ Z is an isomorphism. Then
LSy =" (LSx(—2Z)).
There is a unique log structure on Y over k' that agrees on
v\ELx\Z

with the given one and is log smooth over k! because the section fo=uel'(S*, LSy) extends
as a nowhere-vanishing section of LSy on S.

5.3 A reducible quartic del Pezzo surface

5.3.1 Description of the surface and log structure. We start from X the toroidal crossing
surface given as the union of three toric surfaces as in the moment polygonal complex pictured
in Figure 7. From the picture we see that X is naturally embedded in P* and given by equations:

2
_ -0
X:{xy w
zw =20

in homogeneous coordinates x :y: z:u:w. The three components of X are
Xi=(z=zy—uw?=0); Xo=(w=x=0); and X3=(w=y=0).
The obvious and, essentially, unique polarization (see Lemma 2.3) has kink x =1 along the =

and y axes and x =2 along the z-axis.” The datum of a log structure on X over k' consists of
slab sections:

fp. =ao+ a1z + asa?
fp, =bo + b1y + bay?

fp. =co+crz+ oz + 03z3 + g2t

*1t is an interesting (and surprisingly nontrivial) exercise to verify that the reflexive sheaf of relative log
differentials ”//)lﬁ/kf ::j*Q%ﬁ/m is isomorphic to £1 @ L2. The associated k[z,y]/(s,,)-module is

<D17DyaD;’D5 |ny+yDI:07xD:ZUDI7yDZ:/LLDZJ>

where, morally, D, =dz, Dy =dy, Dy =u(dz/x), Dy =u(dy/y). Note for example that Dy + Dy = du.
“In fact, this is the simplest real life example where we see a necessity for allowing a kink > 1.
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(in the affine patch v =1) and the joint condition at the origin states that
ap=byp and cop= ag. (5.3)

From now on we fix general slab sections and denote by X / k' the surface X equipped with the
log structure and structure morphism X — Spec k' given by these functions.

The morphism is not log smooth: it is singular along the union of points Z C X where the
slab sections vanish. For generic coefficients, we find 8 such points. We next show how these log
structures arise naturally when we deform the surface X.

5.3.2 Log deformations of XT/kT. Consider the family of surfaces over A! with coordinate
t given by the equations

2 2 2 2
ry —w =ts;wu + t°(cou” + csuz + c42
36—{ y 1 (c2 3 427) (5.4)

W= t(sou2 + arzu+ agz? + bryu + bgyz)
in P* x A'. Note the following.

(1) Together with the projection 7: X — Al the equations represent a flat deformation, in
fact, a smoothing, of the surface X = Xj. The general fiber is a del Pezzo surface of degree
4: a smooth intersection of two quadrics in P*.

(2) Denote by i: X < X the natural inclusion. The total space X is endowed with a natural
(singular) divisorial log structure M x; let us denote by X' the corresponding log scheme.
Similarly, let (AN be A! together with the divisorial log structure from ¢ = 0. There is
an obvious morphism of log schemes 7': Xt — (A')" which when pulled back to X gives
a log structure XT/kf. The conflict of notation will be resolved momentarily when we see
that this log structure is the same one that we defined above in Section 5.3.1. The slab
sections for this log structure on X can be easily read from the equations; they are

fp. =80+ a1z + asa?,
fp, = 50 + b1y + bay?,
fo. = 82+ 50812 4+ c22® + c32° + g2t
For example, we compute f,_ in the affine open set u =1 by localizing at z = 0, using the
second equation to solve for w,
tsg

=2 modt
w=—mod t(z,y)

and plugging into the first equation which gives
(22)(yz) = t2(s2 + s0512 + co2® 4 ¢32° + c42%)  mod 3(z, y).
From this expression, we also read off from the exponent of ¢ that gives the kink & =2.”
5.3.3 Log crepant log resolutions. The following facts are elementary and easy to verify. We

construct a surface Y and proper birational morphism f: Y — X as follows. First let Yo — Xo
be the blow up of the two points (f, =0) on the y-axis. Next let Y3 — X3 be the blow up of:

* Staring at the formula for the slab section f,, together with Equation (5.4) we see the slightly curious fact that
‘half’ of f,, contributes to the first-order deformation of X, and half to the second-order deformation.
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FIGURE 8. A picture of the resolved surface Y with exceptional curves indicated as little arcs
in the triangles that correspond to the components of Y that contain them.

— the two points (f,, =0) on the z-axis; and

— the four points (f,. =0) on the z-axis.

Denote by Y be the surface obtained by re-assembling the three components Y7 = X1, Yo,
Y3 in the obvious way, sketched in Figure 8; and by f: Y — X the obvious proper birational
morphism.

Our construction of LS gives a way to compare LSy with LS x. Denote by S = Sing X and
T =Sing Y the singular sets with the reduced scheme structure; and note that fi7: T'— S is an
isomorphism. We use f|r to view Z as a subset of T'. The resolution was constructed precisely
so that the intersection of the union of all exceptional curves with 1" equals Z. Moreover, we
precisely understand how the slab bundles change under this blow-up. A concise way to write
this is as follows. The sheaf LSy is supported on T and LS x on S and we have

LSy = [*LSx(~2). (5.5)

The slab sections f,_, f,, and f,_ give a section s of LS x in the affine neighbourhood u =1 of the
unique joint and this section extends uniquely to all of X without receiving extra zeros outside
the affine chart. The vanishing set of s is Z. Therefore, the section s is the image of a section §
under the natural inclusion LS x(—Z2) C LS x and, moreover, § is nowhere-vanishing. Hence, §
gives a compatible log structure on Y that is smooth over kf, in notation Yt /kf. Furthermore,
since s and s agree over the set

v\ i2)Lx\z

and s maps to s under the inclusion £LSx(—Z2) C LSx, we also obtain that the log structure
given by s on Y \ X is that given by s on X \ Z. The morphism of schemes f: Y — X is log
crepant in the sense that

Q%T/k’r

is f-trivial. We say that YT/k" together with f: Y — X is a log crepant log resolution of XT
over k.

5.4 The 3-fold transverse A;-singularity

5.4.1 Description of the space and its log structure. We take X to be the affine cone over
the projective toroidal crossing surface of Section 5.3.1: the toroidal crossing 3-fold union of

48

https://doi.org/10.1017/52949764726100253 Published online by Cambridge University Press


https://doi.org/10.1017/S2949764726100253

How TO MAKE LOG STRUCTURES

three toric affine pieces given in A® by the equations
2
zy —w =0
x={"
zw =10

in affine coordinates z, y, z, u, w. Note that u does not appear in the equations: X is the product
of a toroidal crossing surface with Al.
The three components of X are

The obvious and, essentially, unique polarization has kink k=1 along the coordinate surfaces

A2, and A2 and k=2 along AZ .

y7u7
We choose the very special log structure on X over k! given by the slab sections:

fpz =4u,
fpy = u’ (56)
fpz = uz - 22'

The joint condition along the u-axis is satisfied. We denote by XT/kf the 3-fold X equipped

with the log structure and structure morphism X' — Spec k' given by these slab sections.
The singular locus of X has three irreducible components as follows:

S :Az,u = XsN X3,
SQ ZAE,U =XiN X3,
S3 :A;u =X NXo.

The structure morphism 7: X' — Spec k' is singular along the locus Z C X where the slab
sections vanish. This singular locus (see Figure 9) has three irreducible components as follows:

Zy=(u?—22=0)C Sy,
ZQZ(UZO)CSQ,

Z3:(UZO)CS3.

5.4.2 Log deformations of X1/kT. Consider the family of 3-folds over A! with coordinate ¢
given by the equations

=2
%:{xy v (5.7)
2w =tu

in A% x Al, together with the projection m: X — A!. The equations describe a smoothing of X;

and the restriction to X of the divisorial log structure My x is that given in (5.6).

5.4.3 Log crepant log resolutions. The following facts are elementary and easy to verify. We
construct a 3-fold Y and proper birational morphism f: Y — X as follows. First let Yo — X5 be
the blow up of the singular curve Zs C Xs.

Next let Y3 — X3 be as follows:

— first, let f’: Y{ — X3 be the blow up of the curve Z; C X3, and
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Xo
Z3
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FIGURE 9. The log singular locus of XT.
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FIGURE 10. Schematic of the resolution.

— second, let Y3 — Yy be the blow up of the strict transform Z] C Y3 of the curve Z; C X3
given by (u? — 22 =0) C AZ ; note that Z] is nonsingular and consists of two components
that we call Z;, Z_ corresponding to the factors u + z, u — z.

Denote by Y be the 3-fold obtained by re-assembling the three components Y; = X3, Y3, Y3
in the obvious way (see Figure 10); and by f: Y — X the obvious proper birational morphism.

Our construction of LS gives a way to compare LSy with f*(LSx), which we next explain.
Denote by T'=Sing Y the singular set with the reduced scheme structure; T consists of three
irreducible components

T =YoNY;, Th=Y3NY;, T3=YNYs.

We have that fir,: 71 — 51 is the blow up of the origin, fiz,: T2 — Sz is an isomorphism, and
sois fip,: T3 — S3.

Next we identify the slab line bundles Ly 1, Ly,2, Ly,3 on T1, T, T3.

We need a notation for the exceptional divisors of the morphisms Y; — X;. The first of these
morphisms, fy;: Y1 — X3, is an isomorphism, so there is nothing to be done here. Denote by
E5> CYs the exceptional divisor of f|y2 : Yo — Xo, so E is a P-bundle over Z3. The exceptional
divisor of fjy,: Y3 — X3 consists of three components: the strict transform FEj of the exceptional
divisor of f’: Y§ — X3, and the divisors F, F_ that dominate the curves u+2z=0, u—2z=0
in Sl.
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We denote by == FEsNTy = E3NTy C T the exceptional divisor of 77 — S, and we write
Zy=F,NTy, Z_=F_NTi. Note that

(fir,)* (Z1) = Fy + F_ +2Z.

With this notation in hand we are ready to compute the slab bundles. The Stanley—Reisner
ring along the joint w is given by the fan at the monomial u in Figure 7. We see that the
monomials zz and yz correspond to opposite lattice vectors, so we can use them to compute
the slab bundle on T;. We also see from the figure that the monomial zz defines the bound-
ary divisor dY3 on Y3 and the monomial yz defines the boundary divisor 0Ys on Ys, so we
arrive at

Ly =0y, (0Y2) 1, @ Oy, (9Y3) 1, = (Ny,T1) @ (Ny, T1) ® Or, (2Y1)
— (f*Nx, 1) @ (f*Nx, 81)(=Fs — F) @ Os, (2X1)(~25)
=(f"Lx,)(=F}y — F. —25) = f*(Lx1(—Z1)).
The formulas for Ly 2 and Ly,3 are much easier to understand:

Lyo=Lx2(=22), Lyvz=~Lx3(—Z3)

We summarize these calculations with the formula
LSy = [*(LSx(~2)). (5.8)

Pulling back the section of LS x defined by the slab sections (5.6) results in a nowhere-vanishing
section of LSy . We see from this the following.

(1) There is a unique log structure on Y over k! that on
y\ri2ix\z

is the given one on X \ Z;

(2) The resulting log scheme Y /k is log smooth over Spec k.

One can check that the resulting morphism Y — X is log crepant, so it gives a log crepant
log resolution of X over k.
This example shows how the sheaf LS x can be used in constructing log smooth resolutions.
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