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Summary. The problem of compactifying the moduli space Ag of principally po-
larized abelian varieties has a long and rich history. The majority of recent work
has focused on the toroidal compactifications constructed over C by Mumford and
his coworkers, and over Z by Chai and Faltings. The main drawback of these com-
pactifications is that they are not canonical and do not represent any reasonable
moduli problem on the category of schemes. The starting point for this work is the
realization of Alexeev and Nakamura that there is a canonical compactification of
the moduli space of principally polarized abelian varieties. Indeed Alexeev describes
a moduli problem representable by a proper algebraic stack over Z which contains
Ag as a dense open subset of one of its irreducible components.

In this text we explain how, using logarithmic structures in the sense of Fontaine,
Illusie, and Kato, one can define a moduli problem “carving out” the main compo-
nent in Alexeev’s space. We also explain how to generalize the theory to higher
degree polarizations and discuss various applications to moduli spaces for abelian
varieties with level structure.

If d, g,≥ 1 are integers we construct a proper algebraic stack with finite diagonal
A g,d over Z containing the moduli stack Ag,d of abelian varieties with a polarization
of degree d as a dense open substack. The main features of the stack A g,d are that
(i) over Z[1/d] it is log smooth (i.e. has toroidal singularities), and (ii) there is a
canonical extension of the theta group over Ag,d to A g,d. The stack A g,d is obtained
by a certain “rigidification” procedure from a solution to a moduli problem. In the
case d = 1 the stack A g,1 is equal to the normalization of the main component in
Alexeev’s compactification. In the higher degree case, our study should be viewed as
a higher dimensional version of the theory of generalized elliptic curves introduced
by Deligne and Rapoport.
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Introduction

In attempting to study any moduli space M , one of the basic first steps is
to find a good compactification M ⊂ M . Preferably the compactification M
should have reasonable geometric properties (i.e. smooth withM−M a divisor
with normal crossings), and the space M should also have a reasonable moduli
interpretation with boundary points corresponding to degenerate objects.

Probably the most basic example of this situation is the moduli space
M1,1 classifying elliptic curves and variant spaces classifying elliptic curves
with level structure. For M1,1 the compactification M 1,1 is the stack which
to any scheme T associates the groupoid of pairs (f : E → T, e), where
f : E → T is a proper flat morphism and e : T → Esm is a section into the
smooth locus of f such that for every geometric point t̄ → T the fiber Et̄ is
either a genus 1 smooth curve or a rational nodal curve.

In order to generalize this compactification M1,1 ⊂M 1,1 to moduli spaces
YΓ classifying elliptic curves with Γ–level structure for some arithmetic sub-
group Γ ⊂ SL2(Z), Deligne and Rapoport introduced the notion of “gener-
alized elliptic curves” in [11]. The main difficulty is that for a scheme T , an
integer N ≥ 1, and an object (f : E → T, e) ∈ M 1,1(T ) there is no notion
of the N–torsion subgroup of E. More precisely, if there exists a dense open
subset U ⊂ T such that the restriction fU : EU → U is smooth, then the finite
flat U–group scheme EU [N ] does not extend to a finite flat group scheme over
T . Deligne and Rapoport solve this problem by introducing “N -gons” which
enable them to define a reasonable notion of N–torsion group for degenerate
objects.

The moduli space M1,1 has two natural generalizations. First one can
let the genus and number of marked points vary which leads to the moduli
spaces Mg,n of genus g curves with n-marked points. These spaces of course
have modular compactifications Mg,n ⊂M g,n defined by Deligne, Mumford
and Knudsen. The second generalization of M1,1 is moduli spaces for higher
dimensional (polarized) abelian varieties. Constructing compactifications of
moduli spaces for polarized abelian varieties has historically been a much
more difficult problem.
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Let Ag denote the moduli space of principally polarized abelian varieties.
The first compactification of Ag over C is the so-called Satake or minimal
compactification Ag ⊂ A ∗

g constructed by Satake in [41]. The space A ∗
g is

normal but in general singular at the boundary. The basic question following
the construction of the Satake compactification is then how to resolve the
singularities of A ∗

g and to generalize the theory to one over Z.
Over the complex numbers such resolutions of A ∗

g were constructed by
Ash, Mumford, Rapoport, and Tai in [7] where they constructed the so-called
toroidal compactifications of Ag. These compactifications are smooth with
boundary a divisor with normal crossings. Unfortunately, these compactifica-
tions are not canonical and there is no simple modular interpretation (though
recently Kajiwara, Kato, and Nakayama [18] have given a modular interpre-
tation of these compactifications using their theory of log abelian varieties).
Later Chai and Faltings [10] extended the toroidal compactifications to Z.

The problem remained however to define a compactification of Ag with
a simple modular interpretation, and to generalize the theory of Deligne–
Rapoport to also give modular compactifications of moduli spaces for abelian
varieties with level structure and higher degree polarizations. This is the pur-
pose of this text.

The starting point for our work is the paper [1] in which Alexeev studied
moduli of varieties with action of semi–abelian schemes (Alexeev’s work in
turn built on the work of several people including Namikawa [33] and work
with Nakamura [2]). He constructed compact moduli spaces for two basic
moduli problems, one of which leads to a functorial compactification of the
moduli space of principally polarized abelian varieties Ag. One feature of his
approach, is that the resulting moduli spaces have many irreducible compo-
nents with one “distinguished” component containing Ag. One of the main
ideas in this text is that using logarithmic geometry in the sense of Fontaine
and Illusie ([20]) one can give a relatively simple functorial description of the
normalizations of the main components. In fact this idea can also be applied
to give a modular interpretation of Alexeev’s moduli spaces of “broken toric
varieties”.

In the principally polarized case our work yields an Artin stack Kg with
the following properties:

(i) The diagonal of Kg is finite and Kg is proper of Spec(Z).
(ii) There is a natural open immersion Ag ↪→ Kg identifying Ag with a dense

open substack of Kg.
(iii) There is a good “analytic theory” at the boundary of Ag in Kg general-

izing the theory of the Tate curve for elliptic curves.
(iv) The stack Kg has only toroidal singularities (in fact the complement

Kg\Ag defines a fine saturated log structure MKg on Kg such that the log
stack (Kg,MKg ) is log smooth over Spec(Z) with the trivial log structure).

In order to study moduli of abelian varieties with higher degree polariza-
tions and level structure, we need a different point of view on how to classify
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abelian schemes with polarization. Let g and d be positive integers and let
Ag,d denote the moduli stack classifying pairs (A, λ) where A is an abelian
scheme and λ : A→ At is a polarization of degree d (by convention this means
that the kernel of λ is a finite flat group scheme of rank d2). The stack Ag,d

can be viewed as follows. Let Tg,d denote the stack over Z associating to any
scheme S the groupoid of triples (A,P, L), where A is an abelian scheme over
S of relative dimension g, P is a A–torsor, and L is an ample line bundle on
P such that the map

λL : A→ Pic0(P ), a 7→ [t∗aL⊗ L−1] (0.0.0.1)

has kernel a finite flat group scheme of rank d2, where ta : P → P denotes
the action on P of a (scheme-valued) point a ∈ A. We will show that Tg,d is
in fact an algebraic stack over Z.

For such a triple (A,P, L) over a scheme S, let G(A,P,L) denote the group
of automorphisms of the triple (A,P, L) which are the identity on A. That
is, G(A,P,L) is the group scheme classifying pairs (β, ι), where β : P → P
is an automorphism commuting with the A–action and ι : β∗L → L is an
isomorphism of line bundles on P . We call this group G(A,P,L) the theta group
of (A,P, L). There is a natural inclusion Gm ↪→ G(A,P,L) sending u ∈ Gm to
the element with β = id and ι = u. This inclusion identifies Gm with a central
subgroup of G(A,P,L) and we write H(A,P,L) for the quotient. If the torsor P
is trivial, then the group G(A,P,L) is the theta group in the sense of Mumford
[30, part I, §1]. In particular, by descent theory the group scheme H(A,P,L) is
a finite flat group scheme of rank d2 over S.

As explained in 1.1.5 there is a canonical isomorphism At ' Pic0(P ). The
map 0.0.0.1 therefore induces a polarization of degree d on A. This defines a
map

π : Tg,d → Ag,d, (A,P, L) 7→ (A, λL).

For any object (A,P, L) ∈ Tg,d(S) (for some scheme S), the kernel of the
morphism of group schemes

AutTg,d(A,P, L)→ AutAg,d
(π(A,P, L))

is precisely the group scheme G(A,P,L). This implies that one can obtain Ag,d

by a purely stack-theoretic construction called rigidification which “kills off”
the extra automorphisms provided by G(A,P,L). Thus in many ways the stack
Tg,d is a more basic object than Ag,d.

With this in mind, our approach to compactifying Ag,d is to first construct
an open immersion Tg,d ↪→ T g,d and an extension of the theta group over Tg,d

to an extension of a finite flat group scheme of rank d2 by Gm over the stack
T g,d. The stack T g,d should be viewed as a compactification of Tg,d, though
of course it is not compact (not even separated) since the diagonal is not
proper. We can then apply the rigidification construction to T g,d with respect
to the extension of the theta group to get a compactification Ag,d ↪→ A g,d.
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The stack A g,d is proper over Z with finite diagonal, Ag,d ↪→ A g,d is a
dense open immersion, and over Z[1/d] the stack A g,d is log smooth (so it
has toroidal singularities). Moreover, over A g,d there is a tautological finite
flat group scheme H → A g,d whose restriction to Ag,d is the kernel of the
universal polarization of degree d2.

Remark 0.0.1. The stack A g,1 is canonically isomorphic to Kg. However,
because the moduli interpretation of these two stacks are different (the defi-
nition of Kg avoids the rigidification procedure by a trick that only works in
the principally polarized case) we make the notational distinction.

The text is organized as follows. Because of the many technical details
involved with our construction in full generality, we have chosen to present
the theory by studying in turn three moduli problems of increasing technical
difficulty (broken toric varieties, principally polarized abelian varieties, abelian
varieties with higher degree polarizations).

In chapter 1 we summarize the necessary background material for the rest
of the text. We state our conventions about semi-abelian schemes, review the
necessary theory of biextensions, and summarize the material we need from
logarithmic geometry [20] and for the convenience of the reader we recall some
of Alexeev’s results from [1].

Chapter 2 is devoted to moduli of “broken toric varieties”. This chapter
is independent of the other chapters. We have included it here because it
illustrates many of the key ideas used for the moduli of abelian varieties
without many of the technical details. The moduli problems considered in this
chapter have also been studied extensively in other contexts (see for example
[22] and [24]), so this chapter may be of independent interest.

In chapter 3 we turn to the problem of compactifying the moduli space
of principally polarized abelian varieties. Though we subsequently will also
study higher degree polarizations and level structure, we first consider the
principally polarized case which does not require the more intricate theory of
the theta group and is more closely related to Alexeev’s work.

In chapter 4 we then turn to the full theory. The main ingredient needed
to generalize the principally polarized case is to study in detail degenerations
of the theta group.

Finally in chapter 5 we explain how to construct compact moduli spaces for
abelian varieties with level structure. We present two approaches. One using
the theory of logarithmic étale cohomology, and the second using the theory of
the theta group developed in 4. The second approach has the advantage that
it lends itself to a study of reductions of moduli spaces at primes dividing the
level. We intend to discuss this in future writings. We also discuss in detail
how to construct modular compactifications of the moduli spaces for abelian
varieties with “theta level structure” defined by Mumford in [30].

0.0.2 (Acknowledgements). The author is grateful to V. Alexeev and S.
Keel for several helpful conversations. The author also would like to thank the
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partially supported by an NSF post–doctoral research fellowship, NSF grant
DMS-0555827, and an Alfred P. Sloan research fellowship.





1

Preliminaries

In this chapter we review some background material used in the main part of
the text. The experienced reader may wish to just skim this chapter for our
notational conventions and then proceed to chapter 2.

1.1 Abelian schemes and torsors

1.1.1. If S is an algebraic space, an abelian algebraic space over S is a proper
smooth group algebraic space A/S with geometrically connected fibers. An
important fact due to Raynaud [10, 1.9] is that when S is a scheme any abelian
algebraic space over S is in fact a scheme.

A semi-abelian scheme over a scheme S is a smooth commutative group
scheme G/S such that every geometric fiber of G is an extension of an abelian
scheme by a torus.

1.1.2. If f : P → S is a proper morphism of algebraic spaces with geo-
metrically connected and reduced fibers, then the map OS → f∗OP is an
isomorphism. From a general theorem of Artin [3, 7.3] it follows that the Pi-
card functor Pic(P ) defined to be the sheaf with respect to the fppf étale
topology of the presheaf

T/S 7→ {isomorphism classes of invertible sheaves on PT }

is an algebraic space locally of finite presentation over S.
The case we will be interested in is when P is a torsor under an abelian

algebraic space A/S. In this case define a subfunctor Pic0(P ) ⊂ Pic(P ) as
follows. The points of Pic0(P ) over a scheme-valued point t̄ : Spec(Ω) → S
with Ω an algebraically closed field is the subgroup of Pic(P )(Ω) consisting
of isomorphism classes of line bundles L such that for every a ∈ At̄(Ω) the
line bundles t∗aL and L are isomorphic (note that this depends only on
the isomorphism class of L ). The subfunctor Pic0(P ) ⊂ Pic(P ) is defined by
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associating to any scheme T/S the subset of Pic(P )(T ) of isomorphism classes
of line bundles L such that for every algebraically closed field Ω and point
t̄ : Spec(Ω)→ S the image of [L ] in Pic(P )(Ω) is in Pic0(P )(Ω).

In the case when P = A is the trivial torsor, the subfunctor Pic0(P ) ⊂
Pic(P ) is the dual abelian scheme, denoted At.

Proposition 1.1.3. The subfunctor Pic0(P ) ⊂ Pic(P ) is a smooth proper
algebraic space over S. Tensor product defines the structure of an abelian
algebraic space on Pic0(P ).

Proof. Since Pic0(P ) ⊂ Pic(P ) is in any case a subsheaf (with respect to the
étale topology) it suffices to prove the proposition after replacing S by an
étale cover. We may therefore assume that P is a trivial torsor and that S is
a scheme. In this case Pic0(P ) is the dual abelian scheme of A as mentioned
above. ut

1.1.4. For any S–scheme T , the set of isomorphisms of AT –torsors ι : AT →
PT is canonically in bijection with the set P (T ). Any such isomorphism ι
defines an isomorphism ι∗ : At → Pic0(P ). This defines a morphism of schemes

At × P → Pic0(P ), ([L ], ι) 7→ [ι∗L ]. (1.1.4.1)

Proposition 1.1.5. The morphism 1.1.4.1 factors uniquely as

At × P pr1−−−−→ At
σ−−−−→ Pic0(P ), (1.1.5.1)

where σ is an isomorphism.

Proof. The uniqueness of the factorization is clear. To prove the existence we
can be descent theory work étale locally on S and may therefore assume that
S is a scheme and that P ' A is the trivial torsor. In this case the map 1.1.4.1
is identified with the translation action

At ×A→ At, ([L ], a) 7→ [t∗aL ].

It is well known that this action is trivial (see for example [1, 4.1.12]). ut

1.1.6. Note in particular that an invertible sheaf L on P defines a homo-
morphism λL : A→ At by

A→ Pic0(P ) ' At, a 7→ [t∗aL ⊗L −1].

1.1.7. The dual abelian scheme A/S has a very useful description which
does not require the sheafification involved in the definition of Pic in general.
Namely define a rigidified line bundle on A to be a pair (L , ι), where L is
a line bundle on A and ι : OS → e∗L is an isomorphism, where e : S → A
is the identity section. Any isomorphism (L , ι) → (L ′, ι′) between two such
pairs is unique if it exists. Using this one shows that At can also be viewed as
representing the functor
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T/S 7→ {isomorphism classes of rigidified line bundles on AT }.

In particular, over A ×S At there is a tautological line bundle B, called
the Poincare bundle, with a trivialization of the restriction of B to {e} ×At.

If M is a line bundle on A, then for any scheme-valued point a ∈ A the
line bundle

t∗aM ⊗M−1 ⊗OS M−1(a)⊗OS M (e) (1.1.7.1)

has a canonical rigidification. We therefore obtain a map λM : A → At by
sending a ∈ A to 1.1.7.1.

1.1.8. Let B be a scheme and A/B an abelian scheme over B. Fix a finitely
generated free abelian group X with associated torus T . A semi-abelian
scheme G sitting in an exact sequence

0→ T → G→ A→ 0 (1.1.8.1)

defines a homomorphism c : X → A as follows. The group X is the character
group of T , so any x ∈ X defines an extension

0→ Gm → Ex → A→ 0 (1.1.8.2)

by pushing 1.1.8.1 out along the homomorphism x : T → Gm. Let Lx denote
the corresponding line bundle on A. The identity element of G induces a
trivialization of Lx(0) and hence Lx is a rigidified line bundle. Moreover it
follows from the construction that there is a canonical isomorphism of rigidied
line bundles

Lx ⊗Lx′ ' Lx+x′ (1.1.8.3)

for x, x′ ∈ X. In particular, the OA–module

⊕x∈XLx (1.1.8.4)

has a natural algebra structure and there is a canonical isomorphism over A

G→ Spec
A
(⊕x∈XLx). (1.1.8.5)

In terms of this isomorphism, the group structure on G can be described
as follows. A (scheme-valued) point g ∈ G(S) is given by a point a ∈ A(S)
together with trivializations ιx : a∗Lx → OS which are compatible in the
sense that for any two x, x′ ∈ X the diagram

a∗Lx ⊗ a∗Lx′
ιx⊗ιx′−−−−→ Lx ⊗Lx′

can

y ycan

a∗Lx+x′
ιx+x′−−−−→ Lx+x′

(1.1.8.6)

commutes. Such trivializations ιx are equivalent to the structure of rigidified
line bundles on the t∗aLx. The translation action of a point g = (a, {ιx}) on G
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can be described as follows. Namely, since the translation action of A on At is
trivial, there exists a unique isomorphism of rigidified line bundles t∗aLx → Lx
(where t∗aLx is rigidified using ιx). This defines a morphism of algebras

t∗a(⊕xLx)→ ⊕x∈XLx (1.1.8.7)

which gives the translation action of g on G.
In particular, any homomorphism c : X → At defines a semi-abelian

scheme G sitting in an extension 1.1.8.1.

1.2 Biextensions

We only review the aspects of the theory we need in what follows. For a
complete account see [15, VII] and [9].

1.2.1. Let S be a scheme and F and G abelian sheaves in the topos SEt of
all S–schemes with the big étale topology. In the applications the sheaves F
and G will be either abelian schemes over S or constant sheaves associated to
some abelian group.

A Gm–biextension of F ×G is a sheaf of sets E with a map π : E → F ×G
and the following additional structure:

(i) A faithful action of Gm on E over F × G such that the quotient sheaf
[E/Gm] is isomorphic to F ×G via the map induced by π.

(ii) For a local section q ∈ G, let E−,q ⊂ E denote π−1(F × q). Then we
require for any local section q ∈ G a structure on E−,q of an extension of
abelian groups

0→ Gm → E−,q → F → 0 (1.2.1.1)

compatible with the Gm–action from (i). This structure is determined by
isomorphisms of Gm–torsors

ϕp,p′;q : Ep,q ∧ Ep′,q → Ep+p′,q (1.2.1.2)

satisfying certain compatibilities. Here p and p′ are local sections of F and
Ep,q ⊂ E denotes the subsheaf of elements mapping to (p, q) ∈ F ×G.

(iii) Similarly, for a local section p ∈ F , let Ep,− ⊂ E denote π−1(p×G). Then
we require for any local section p ∈ F a structure on Ep,− of an extension
of abelian groups

0→ Gm → Ep,− → G→ 0 (1.2.1.3)

compatible with the Gm–action from (i). This structure is determined by
isomorphisms of Gm–torsors

ψp;q,q′ : Ep,q ∧ Ep,q′ → Ep,q+q′ (1.2.1.4)

satisfying certain compatibilities [15, VII.2.1], where q and q′ are local
sections of G.
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(iv) For any local sections p, p′ ∈ F and q, q′ ∈ G the diagram

Ep,q ∧ Ep,q′ ∧ Ep′,q ∧ Ep′,q′
flip //

ψp;q,q′∧ψp′;q,q′
��

Ep,q ∧ Ep′,q ∧ Ep,q′ ∧ Ep′,q′

ϕp,p′;q∧ϕp,p′;q′
��

Ep,q+q′ ∧ Ep′,q+q′

ϕp,p′;q+q′ ))TTTTTTTTTTTTTTT
Ep+p′,q ∧ Ep+p′;q′

ψp+p′;q,q′uujjjjjjjjjjjjjjj

Ep+p′,q+q′

(1.2.1.5)
commutes.

If π : E → F × G and π′ : E′ → F × G are two Gm–biextensions of
F ×G, then a morphism of Gm–biextensions f : E → E′ is a map of sheaves
over F ×G compatible with the Gm–actions and the maps ϕp,p′;q and ψp;q,q′ .
Note that (i) implies that any morphism of Gm–biextensions of F × G is
automatically an isomorphism. The collection of Gm–biextensions of F × G
therefore form a groupoid denoted Biext(F,G; Gm).

The trivial Gm–biextension of F × G is defined to be the product Gm ×
F × G with Gm–action on the first factor, and the map to F × G given by
projection to the last two factors. The maps ϕp,p′;q and ψp;q,q′ are induced
by the group law on Gm × F × G. If E is a Gm–biextension of F × G, then
a trivialization of E is an isomorphism from the trivial Gm–biextension of
F ×G to E.

If f : F ′ → F and g : G′ → G are morphisms of abelian sheaves and
π : E → F ×G is a Gm–biextension of F ×G, then the pullback π′ : E ×F×G
(F ′ ×G′) → F ′ ×G′ has a natural structure of a Gm-biextension of F ′ ×G′
induced by the structure on E. We therefore have a pullback functor

(f × g)∗ : Biext(F,G; Gm)→ Biext(F ′, G′; Gm). (1.2.1.6)

For later use, let us discuss some examples of pullbacks.

1.2.2. Let E ∈ Biext(F,G; Gm) be a biextension, and let f : F → F be the
zero map and g : G→ G the identity map. Denote by E′ the pullback

E′ := (f × g)∗E. (1.2.2.1)

For any sections (p, q) ∈ F ×G we have E′p,q = E0,q. Let eq ∈ E0,q denote the
section corresponding to the identity element in the group E−,q.

Lemma 1.2.3 The sections eq define a trivialization of E′.

Proof. Let sp,q ∈ E′p,q denote the section eq ∈ E′p,q = E0,q.
Let ψ′p;q,q′ and ϕ′p,p′;q be the maps giving E′ the biextension structure.

Then we need to show the following:
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(i) For every p, p′ ∈ F and q ∈ G the map

ϕ′p,p′;q : E′p,q ∧ Ep′,q → E′p+p′,q (1.2.3.1)

sends sp,q ∧ sp′,q to sp+p′,q;
(ii) For every p ∈ F and q, q′ ∈ G the map

ψ′p;q,q′ : E′p,q ∧ E′p,q′ → Ep,q+q′ (1.2.3.2)

sends sp,q ∧ sp,q′ to sp,q+q′ .

Statement (i) is immediate as ϕ′p,p′;q is simply the map

E0,q ∧ E0,q → E0,q (1.2.3.3)

induced by the group law on E−,q.
For statement (ii), note that the map ψ′p;q,q′ is given by the map

ψ0;q,q′ : E0,q ∧ E0,q′ → E0,q+q′ . (1.2.3.4)

Now the identity element eq+q′ ∈ E0,q+q′ is characterized by the condition
that

ϕ0,0;q+q′(eq+q′ ∧ eq+q′) = eq+q′ . (1.2.3.5)

We show that ψ0;q,q′(eq ∧ eq′) also has this property.
By the commutativity of 1.2.1.5, the diagram

E0,q ∧ E0,q′ ∧ E0,q ∧ E0,q′
flip //

ψ0;q,q′∧ψ0;q,q′

��

E0,q ∧ E0,q ∧ E0,q′ ∧ E0,q′

ϕ0,0;q∧ϕ0,0;q′

��
E0,q+q′ ∧ E0,q+q′

ϕ0,0;q+q′ ))RRRRRRRRRRRRRR
E0,q ∧ E0;q′

ψ0;q,q′uullllllllllllll

E0,q+q′

(1.2.3.6)
commutes. Chasing the section

eq ∧ eq′ ∧ eq ∧ eq′ ∈ E0,q ∧ E0,q′ ∧ E0,q ∧ E0,q′ (1.2.3.7)

along the two paths to E0,q+q′ we obtain

ϕ0,0;q+q′((ψ0;q,q′(eq ∧ eq′)) ∧ (ψ0;q,q′(eq ∧ eq′))) = ψ0;q,q′(eq ∧ eq′) (1.2.3.8)

as desired. ut

1.2.4. Similarly, if we take f to be the identity map and g to be the zero
morphism, then the sections fp ∈ Ep,0 corresponding to the identity elements
of the groups Ep,− define a trivialization of the biextension

E′′ := (1× 0)∗E. (1.2.4.1)
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1.2.5. We can also pullback a biextension E of F ×G by Gm along the map

(−1) : F ×G→ F ×G, (a, b) 7→ (−a,−b). (1.2.5.1)

Concretely for local sections (p, q) ∈ F ×G we have

((−1)∗E)p,q = E−p,−q. (1.2.5.2)

Let
σp,q : Ep,q → ((−1)∗E)p,q = E−p,−q (1.2.5.3)

by the isomorphism of Gm-torsors characterized by the condition that the
diagram

Ep,q ∧ Ep,−q
σp,q×id−−−−−→ E−p,−q ∧ Ep,−q

ψp;q,−q

y yϕ−p,p;−q
Ep,0

can−−−−→ E0,−q

(1.2.5.4)

commutes, where can denotes the unique isomorphism of Gm-torsors sending
the identity element of Ep,− (an element of Ep,0) to the identity element of
E−,q (an element of E0,−q).

Lemma 1.2.6 The maps σp,q define an isomorphism of Gm-biextensions of
F ×G

σ : E → (−1)∗E. (1.2.6.1)

Proof. We can rewrite the diagram 1.2.5.4 as the diagram

(E ∧ (1× (−1))∗E)p,q

ψp;q,−q

��

σp,q×id // (((−1)× (−1))∗E ∧ (1× (−1))∗E)p,q

ϕ−p,p;−q

��
((1× 0)∗E)p,q

e−1

((PPPPPPPPPPPPP
((0× (−1))∗E)p,q

Gm,

f
44jjjjjjjjjjjjjjjjjj

(1.2.6.2)
where e and f are the maps of biextensions defined in 1.2.2 and 1.2.4. Since
the maps ψp;q,−q and ϕ−p,p;−q induce morphisms of biextensions

E ∧ (1× (−1))∗E → (1× 0)∗E (1.2.6.3)

and
((−1)× (−1))∗E ∧ (1× (−1))∗E → (0×−1)∗E (1.2.6.4)

by [9, 1.2] this proves that the maps σp,q are obtained from a composition of
morphisms of biextensions (which is also a morphism of biextensions). ut
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1.2.7. If F = G, then the “flip” map ι : F × F → F × F sending (a, b) to
(b, a) induces a functor

ι∗ : Biext(F, F ; Gm)→ Biext(F, F ; Gm). (1.2.7.1)

A symmetric Gm–biextension of F is defined to be a Gm–biextension E of
F × F together with an isomorphism λ : ι∗E → E such that λ ◦ i∗(λ) =
id. If (E′, λ′) is a second symmetric Gm–biextension of F , then a morphism
(E′, λ′) → (E, λ) is a morphism h : E′ → E of biextensions such that the
diagram

ι∗E′
λ′−−−−→ E′

ι∗(h)

y yh
ι∗E

λ−−−−→ E

(1.2.7.2)

commutes. We denote by Biextsym(F,Gm) the category of symmetric Gm–
biextensions of F . The “flip” map Gm × F × F → Gm × F × F sending
(u, a, b) to (u, b, a) induces the structure of a symmetric Gm–biextension on
the trivial Gm–biextension of F ×F . As above, we therefore have a notion of
a trivialization of a symmetric Gm–biextension of F .

1.2.8. Let X be a free abelian group of finite rank, and view X as a constant
sheaf. In this case the group of automorphisms of a symmetric Gm–biextension
π : E → X × X of X is canonically isomorphic to Hom(S2X,Gm), where
S2X denotes the second symmetric power of X. To see this let h : E → E
be such an automorphism. Since h is a morphism over X × X and E is a
Gm–torsor over X × X, for any local section e ∈ E there exists a unique
element u ∈ Gm such that h(e) = u(e). Furthermore, since h is compatible
with the Gm–action the element u depends only on π(e). We therefore obtain
a set map b : X × X → Gm by associating to any pair (x, y) the section of
Gm obtained by locally choosing a lifting e ∈ E of (x, y) and sending (x, y)
to the corresponding unit u ∈ Gm. Compatibility with (1.2.1 (ii)) implies
that this map b in fact is bilinear. Furthermore, the commutativity of 1.2.7.2
amounts to the condition b(x, y) = b(y, x). Thus any automorphism h of E is
determined by a map b : S2X → Gm. Conversely any such map b induces an
automorphism by the formula

e 7→ b(π(e)) · e. (1.2.8.1)

1.2.9. Let A/S be an abelian scheme, At/S the dual abelian scheme, and
λ : A → At a principal polarization defined by an invertible sheaf M on A.
Via the isomorphism λ, the Poincare bundle B → A×At defines a Gm–torsor
(denoted by the same letter) π : B → A×A. This torsor can be described as
follows. For an integer n and subset I ⊂ {1, . . . , n}, let mI : A×n → A be the
map

(a1, . . . , an) 7→
∑
i∈I

ai, (1.2.9.1)
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where A×n denotes the n–fold fiber product over S of A with itself. If I is
the empty set then mI sends everything to the identity element of A. Then
B → A×A is canonically isomorphic to

Λ(M ) :=
⊗

I⊂{1,2}

m∗
IM

(−1)card(I)
. (1.2.9.2)

In other words, for any two scheme–valued points a, b ∈ A, the fiber of B over
(a, b) ∈ A×A is equal to

M (a+ b)⊗M (a)−1 ⊗M (b)−1 ⊗M (0). (1.2.9.3)

Note also that the definition of Λ(M ) is symmetric in the two factors of
A × A so there is a canonical isomorphism ι : B → B over the flip map
A×A→ A×A.

The theorem of the cube [9, 2.4] provides a canonical isomorphism

ρ : OA3 → Θ(M ) :=
⊗

I⊂{1,2,3}

m∗
IM

(−1)card(I)
. (1.2.9.4)

For any three scheme–valued points a, b, c ∈ A this gives a canonical isomor-
phism

M (a+ b)⊗M−1(a)⊗M−1(b)⊗M (0)⊗M (a+ c)⊗M−1(a)⊗M−1(c)y
M (a+ b+ c)⊗M−1(b+ c)⊗M−1(a).

(1.2.9.5)
For points p, p′, q ∈ A this induces an isomorphism

ψp;q,q′ : Bp,q ⊗Bp,q′ → Bp,q+q′ , (1.2.9.6)

and also by symmetry for p, q, q′ ∈ A an isomorphism

ϕp,p′;q : Bp,q ⊗Bp′,q → Bp+p′,q. (1.2.9.7)

It is shown in [9, 2.4] that these maps together with the above defined map ι
give B the structure of a symmetric Gm–biextension of A.

1.2.10. Let X be a free abelian group of finite rank, let (A,M ) be an abelian
scheme with an invertible sheaf defining a principal polarization over some
base S with Pic(S) = 0, and let c : X → A(S) be a homomorphism. We fix a
rigidification of M . Pulling back M along c we obtain a Gm–torsor W over
X (viewed as a constant sheaf on the category of S–schemes). Let

λM : A→ At, a ∈ A 7→ t∗aM ⊗M−1 ⊗M−1(a)⊗M (0) (1.2.10.1)
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be the isomorphism defined by M (where we view At as classifying invertible
sheaves rigidified along 0), and let B → A × A denote the symmetric Gm–
biextension defined by the Poincare bundle. Pulling back along c×c : X×X →
A × A we also obtain a symmetric Gm–biextension E of X. From above we
know that for (x, y) the fiber Ex,y is equal to

M (c(x) + c(y))⊗M (c(x))−1 ⊗M (c(y))−1 ⊗M (0). (1.2.10.2)

Now let ψ : X → c∗M−1 be a trivialization. This trivialization ψ defines
a trivialization τ of the Gm–torsor over X ×X underlying E. In what follows
it will be important to make explicit the additional conditions on ψ needed
for τ to be compatible with the symmetric biextension structure.

For a point a ∈ A, let La denote the rigidified invertible sheaf correspond-
ing to λM (a). The sheaf La is equal to the restriction of the Poincare bundle to
A ' A×{a} ⊂ A×A. In particular, for a point b ∈ A we have La(b) ' B(b,a).
For x ∈ X, we also sometimes write Lx for Lc(x) if no confusion seems likely
to arise.

Lemma 1.2.11 For any integer d ≥ 0 and x, y ∈ X the sheaves t∗c(y)(M
d ⊗

Lx) and M d⊗Lx+dy on A are non–canonically isomorphic, where tc(y) : A→
A denotes translation by c(y).

Proof. View At as the connected component of the space classifying isomor-
phism classes of line bundles on A. Then the isomorphism λ : A → At sends
a scheme–valued point a ∈ A to the isomorphism class of La := t∗aM ⊗M−1.
Since λ is a homomorphism, there exists an isomorphism

(t∗xM )⊗ (t∗yM ) 'M ⊗ t∗x+yM . (1.2.11.1)

It follows that

t∗y(M
d ⊗ Lx) ' t∗y(M d−1 ⊗ t∗xM ) ' t∗yM d−1 ⊗ t∗x+yM 'M d−1 ⊗ t∗x+dyM ,

(1.2.11.2)
and also

M d ⊗ Lx+dy 'M d−1 ⊗ t∗x+dyM . (1.2.11.3)

It follows that étale locally on S the two line bundles in the lemma are iso-
morphic. It follows that the functor on S–schemes

T/S 7→ {isomorphisms t∗c(y)(M
d ⊗ Lx)→M d ⊗ Lx+dy over AT } (1.2.11.4)

is a Gm–torsor. Since Pic(S) = 0 this torsor is trivial so there exists an
isomorphism over S. ut

1.2.12. It follows that to give an isomorphism

t∗c(y)(M
d ⊗ Lx)→M d ⊗ Lx+dy (1.2.12.1)

is equivalent to giving an isomorphism of OS–modules
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(M d ⊗ Lx)(c(y))→M d(0)⊗ Lx+dy(0). (1.2.12.2)

Since M d⊗Lx+dy is rigidified at 0 this in turn is equivalent to a trivialization
of (M d ⊗ Lx)(c(y)). On the other hand, there is a canonical isomorphism

(M d ⊗ Lx)(c(y)) 'M (c(y))d ⊗B(c(y),c(x)). (1.2.12.3)

It follows that ψ and τ define an isomorphism

ψ(y)dτ(y, x) : t∗c(y)(M
d ⊗ Lx)→M d ⊗ Lx+dy. (1.2.12.4)

Proposition 1.2.13. The trivialization τ is compatible with the symmetric
biextension structure on (c× c)∗B if and only if the following two conditions
hold (see the proof for explanation of the numbering):
(iii)’ For any x, x′, y ∈ X and d ≥ 0 the diagram

t∗c(y)(M
d ⊗ Lx)⊗ t∗c(y)(M

d′ ⊗ Lx′)
can−−−−→ t∗c(y)(M

d+d′ ⊗ Lx+x′)

ψ(y)dτ(y,x)⊗ψ(y)d
′
τ(y,x′)

y yψ(y)d+d
′
τ(y,x+x′)

(M d ⊗ Lx+dy)⊗ (M d′ ⊗ Lx′+d′y)
can−−−−→ M d+d′ ⊗ Lx+x′+(d+d′)y

(1.2.13.1)
commutes, where “can” denotes the canonical isomorphisms described in
3.1.10.2.
(ii)’ For any x, y, y′ ∈ X, the diagram

t∗c(y+y′)(M
d ⊗ Lx)

ψ(y)dτ(y,x) //

ψ(y+y′)dτ(y+y′,x) ))RRRRRRRRRRRRRR
t∗c(y′)(M

d ⊗ Lx+dy)

ψ(y′)dτ(y′,x+dy)uukkkkkkkkkkkkkk

M d ⊗ Lx+d(y+y′)
(1.2.13.2)

commutes.

Proof. First we claim that (iii)’ is equivalent to compatibility with the struc-
ture in (1.2.1 (iii)). To see this note first that 1.2.13.1 clearly commutes when
x = x′ = 0. From this it follows that it suffices to consider the case when
d = 0. In this case the commutativity of 1.2.13.1 amounts to the statement
that the image of τ(y, x)⊗ τ(y, x′) under the canonical map

B(y,x) ⊗B(y,x′) = Lx(y)⊗ Lx′(y)→ Lx+x′(y) = B(y,x+x′) (1.2.13.3)

is equal to τ(y, x + x′). This is precisely compatibility with the structure in
(1.2.1 (iii)).

Next we claim that condition (ii)’ in the case when d = 0 is equivalent to
compatibility of τ with (1.2.1 (ii)). Indeed in this case the composite map

(ψ(y′)dτ(y′, x+ dy)) ◦ (ψ(y)dτ(y, x)) (1.2.13.4)
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is equal to the map induced by the image of τ(y, x)⊗ τ(y′, x) under the map

Lx(y)⊗ Lx(y′) = B(y,x) ⊗B(y′,x) → B(y+y′,x) ' Lx(y + y′). (1.2.13.5)

Note also that (ii)’ holds in the case when x = 0 by the definition of τ(y, y′).
Condition (ii)’ in general follows from these two special cases and (iii)’. To

see this note that there is a commutative diagram

t∗c(y+y′)(M
d)⊗ t∗c(y+y′)Lx

can //

��

t∗c(y+y′)(M
d ⊗ Lx)

ψ(y)dτ(y,x)

��
t∗c(y′)(M

d ⊗ Ldy)⊗ t∗c(y′)(Lx)
can //

��

t∗c(y′)(M
d ⊗ Lx+dy)

ψ(y′)dτ(y′,x+dy)

��
M d ⊗ Ld(y+y′) ⊗ Lx

can //M d ⊗ Lx+d(y+y′)

, (1.2.13.6)

where the left column is obtained by taking the tensor product of the maps
1.2.13.4 in the cases x = 0 and d = 0. Then (iii)’ implies that it suffices to
show that the composite of the left column is equal to the tensor product of
ψ(y + y′)d and τ(y + y′, x) which follows from the above special cases.

Finally compatibility with (1.2.1 (iv)) is automatic by the definition of τ ,
as is the compatibility with the isomorphism ι giving the symmetric structure.

ut

1.3 Logarithmic Geometry

In this section we review the necessary parts of the theory of logarithmic
geometry developed by Fontaine, Illusie, and Kato. For complete treatments
of the theory the reader should consult [20] and [35].

Let X be a scheme.

Definition 1.3.1. (i) A pre-log structure on X is a pair (M,α), where M is
a sheaf of monoids on the étale site of X and α : M → OX is a morphism of
sheaves of monoids (where OX is viewed as a monoid under multiplication).

(ii) A pre-log structure (M,α) is called a log structure if the map α induces
a bijection α−1(O∗

X)→ O∗
X .

(iii) A log scheme is a pair (X,MX) consisting of a scheme X and a log
structure MX on X.

Remark 1.3.2. As in (iii) above, when dealing with (pre-)log structures we
usually omit the map α from the notation and write simply M for the pair
(M,α).
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1.3.3. The natural inclusion functor

(log structures on X) ↪→ (pre-log structures on X)

has a left adjoint M 7→ Ma. The log structure Ma is obtained from M by
setting Ma equal to the pushout M ⊕α−1O∗

X
O∗
X in the category of sheaves of

monoids of the diagram
α−1O∗

X
λ−−−−→ My

O∗
X ,

(1.3.3.1)

with the map to OX induced by the map M → OX . We refer to Ma as the
log structure associated to M .

The basic example of this construction is the following. If P is a finitely
generated integral monoid and β : P → Γ (X,OX) is a morphism of monoids,
we obtain a pre-log structure by viewing P as a constant sheaf with the map
to OX defined by β . By passing to the associated log structure we obtain a
log structure on X.

Definition 1.3.4. A log structure M on X is fine if there exists an étale
cover {Ui → X}i∈I and finitely generated integral monoids {Pi}i∈I with maps
βi : Pi → Γ (Ui,OUi) such that the restriction M |Ui is isomorphic to the log
structure defined by the pair (Pi, βi).

Example 1.3.5. Let R be a ring. If P is a finitely generated integral monoid,
we write Spec(P → R[P ]) for the log scheme whose underlying scheme is
Spec(R[P ]) (where R[P ] is the monoid algebra on P ) and whose log structure
is associated to the prelog structure given by the natural map of monoids
P → R[P ].

1.3.6. If f : X → Y is a morphism of schemes and MY is a log structure
on Y , then the pullback f∗MY of MY to X is defined to be the log structure
associated to the prelog structure

f−1MY → f−1OY → OX . (1.3.6.1)

One checks immediately that if MY is fine then f∗MY is also fine.
This construction enables one to define a category of log schemes: A mor-

phism (X,MX)→ (Y,MY ) is a pair (f, f b), where f : X → Y is a morphism
of schemes and f b : f∗MY → MX is a morphism of log structures on X.
Many of the classical notions (e.g. smooth, flat, local complete intersection...)
have logarithmic analogues. The key notions we need in this paper are the
following:

Definition 1.3.7. (i) A morphism (f, f b) : (X,MX) → (Y,MY ) of log
schemes is strict if the map f b : f∗MY →MX is an isomorphism.
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(ii) A morphism (f, f b) : (X,MX)→ (Y,MY ) is a closed immersion(resp.
strict closed immersion) if f : X → Y is a closed immersion and f b : f∗MX →
MY is surjective (resp. an isomorphism).

(iii) A morphism (f, f b) : (X,MX) → (Y,MY ) is log smooth (resp. log
étale) if f : X → Y is locally of finite presentation and for every commutative
diagram

(T0,MT0)
a−−−−→ (X,MX)

j

y y
(T,MT ) −−−−→ (Y,MY )

(1.3.7.1)

with j a strict closed immersion defined by a nilpotent ideal, there exists (resp.
there exists a unique) morphism (T,MT )→ (X,MX) filling in the diagram.

Remark 1.3.8. If (X,M) is a fine log scheme (i.e. a scheme with fine log
structure) then giving a chart P → Γ (X,M) is equivalent to giving a strict
morphism of log schemes

(X,M)→ Spec(P → Z[P ]). (1.3.8.1)

Lemma 1.3.9 Let (f, f b) : (X,MX) → (Y,MY ) be a morphism of fine log
schemes, and let h : U → X be a smooth surjection. Denote by MU the
pullback of MX to U so we have a commutative diagram of log schemes

(U,MU )

(g,gb)

88
(h,hb) // (X,MX)

(f,fb) // (Y,MY ). (1.3.9.1)

Then (f, f b) is log smooth if and only if (g, gb) is log smooth.

Proof. This follows immediately from the definition of a log smooth morphism.
ut

1.3.10. One of the most remarkable aspects of the logarithmic theory is
that the notion of log smoothness behaves so much like the usual notion of
smoothness for schemes (a stack–theoretic “explanation” for this phenomenon
is given in [36]). In particular, as we now explain the étale local structure of
log smooth morphisms is very simple and there is a good deformation theory
of log smooth morphisms.

Theorem 1.3.11 ([20, 3.5]) Let f : (X,MX) → (Y,MY ) be a log smooth
morphism of fine log schemes, let x ∈ X be a point and set y = f(x). Then
after replacing X and Y by étale neighborhoods of x and y respectively, there
exists charts βX : P →MX , βY : Q→MY , and a morphism θ : Q→ P such
that the following hold:
(i) The diagram of fine log schemes
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(X,MX)
βX−−−−→ Spec(P → Z[P ])

f

y yθ
(Y,MY )

βY−−−−→ Spec(Q→ Z[Q])

(1.3.11.1)

commutes.
(ii) The induced map

X → Y ×Spec(Z[Q]) Spec(Z[P ]) (1.3.11.2)

is étale.
(iii) The kernel of θgp : Qgp → P gpis a finite group and the orders of Ker(θgp)
and the torsion part of Coker(θgp) are invertible in k(x).

Conversely if étale locally there exists charts satisfying the above conditions
then the morphism (X,MX)→ (Y,MY ) is log smooth.

Example 1.3.12. If S is a scheme which we view as a log scheme with
the trivial log structure O∗

S ↪→ OS , then a morphism of fine log schemes
(X,MX) → (S,O∗

S) is log smooth if and only if étale locally on S and X
the log scheme (X,MX) is isomorphic to Spec(P → OS [P ]) for some finitely
generated integral monoid P . Thus in the case of trivial log structure on the
base log smoothness essentially amounts to “toric singularities”.

Example 1.3.13. Probably the most important example from the point of
view of degenerations is the following. Let k be a field and Mk the log struc-
ture on k associated to the map N → k sending all nonzero elements to 0.
Let ∆ : N → N2 be the diagonal map and set X = Spec(k ⊗k[N] k[N2]) =
Spec(k[x, y]/(xy)) with log structure MX induced by the natural map N2 →
k ⊗k[N] k[N2]. Then the morphism

(X,MX)→ (Spec(k),Mk) (1.3.13.1)

is log smooth.

1.3.14. One technical difficulty that arises when dealing with log smooth-
ness is that in general the underlying morphism of schemes of a log smooth
morphism need not be flat. All the examples considered in this text will sat-
isfy an additional property that ensures that the underlying morphism of
schemes is flat. A morphism of integral monoids θ : P → Q is called integral
if the map of algebras Z[P ] → Z[Q] induced by θ is flat (see [20, 4.1] for
several other characterizations of this property). A morphism of log schemes
f : (X,MX)→ (Y,MY ) is called integral if for every geometric point x̄→ X
the map f−1MY,f(x̄) → MX,x̄ is an integral morphism of monoids. By [20,
4.5], if f : (X,MX)→ (Y,MY ) is a log smooth and integral morphism of fine
log schemes then the underlying morphism X → Y is flat.
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1.3.15. As in the case of schemes, the notion of log smoothness is intimately
tied to differentials.

Let f : (X,MX) → (Y,MY ) be a morphism of fine log schemes locally of
finite presentation. For a scheme T and a quasi–coherent sheaf I on T , let
T [I] denote the scheme with same underlying topological space as that of T ,
but with structure sheaf the OT –algebra OT ⊕ I with algebra structure given
by (a + i)(c + j) = ac + (aj + ci). The ideal I defines a closed immersion
j : T ↪→ T [I] for which the natural map T [I] → T induced by OT → OT [I]
sending a to a is a retraction. If MT is a fine log structure on T , let MT [I]

denote the log structure on T [I] obtained by pullback so that we have a
diagram of fine log schemes

(T,MT )
j−−−−→ (T [I],MT [I])

π−−−−→ (T,MT ). (1.3.15.1)

The above construction is functorial in the pair (T, I).
Consider now the functor F on the category of quasi–coherent sheaves

on X associating to any sheaf I the set of morphisms of fine log schemes
(X[I],MX[I])→ (X,MX) filling in the commutative diagram

(X,MX) id−−−−→ (X,MX)

j

y yf
(X[I],MX[I])

f◦π−−−−→ (Y,MY ).

(1.3.15.2)

Theorem 1.3.16 ([20, 3.9]) There exists a (necessarily unique) quasi–coherent
sheaf Ω1

(X,MX)/(Y,MY ) on X and an isomorphism of functors

F ' Hom(Ω1
(X,MX)/(Y,MY ),−). (1.3.16.1)

1.3.17. The sheaf Ω1
(X,MX)/(Y,MY ) is called the sheaf of logarithmic differen-

tials of (X,MX) over (Y,MY ). Note that the identity map

Ω1
(X,MX)/(Y,MY ) → Ω1

(X,MX)/(Y,MY ) (1.3.17.1)

defines a morphism

ρ : (X[Ω1
(X,MX)/(Y,MY )],M[Ω1

(X,MX )/(Y,MY )]
)→ (X,MX). (1.3.17.2)

This defines in particular a morphism ρ∗ : OX → OX [Ω1
(X,MX)/(Y,MY )].

Taking the difference of this morphism and the morphism π∗ : OX →
OX [Ω1

(X,MX)/(Y,MY )] we obtain a derivation d : OX → Ω1
(X,MX)/(Y,MY ). This

defines in particular a morphism of quasi–coherent sheaves

Ω1
X/Y → Ω1

(X,MX)/(Y,MY ). (1.3.17.3)

Remark 1.3.18. Note that in the case when the log structures MX and MY

are trivial, we recover the usual Kahler differentials.
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The following summarizes the basic properties of logarithmic differentials:

Theorem 1.3.19 (i) If f : (X,MX)→ (Y,MY ) is a log smooth morphism of
fine log schemes, then Ω1

(X,MX)/(Y,MY ) is a locally free OX–module of finite
type.
(ii) For any composite

(X,MX)
f−−−−→ (Y,MY )

g−−−−→ (S,MS) (1.3.19.1)

there is an associated exact sequence

f∗Ω1
(Y,MY )/(S,MS)

s // Ω1
(X,MX)/(S,MS)

// Ω1
(X,MX)/(Y,MY )

// 0.
(1.3.19.2)

If gf is log smooth, then f is log smooth if and only if s is injective and the
image is locally a direct summand.

Example 1.3.20. Let P be a finitely generated integral monoid, and let
(X,MX) denote the log scheme Spec(P → Z[P ]). Then one can show that
Ω1

(X,MX)/Z ' OX ⊗Z P
gp. The differential d : OX → Ω1

(X,MX)/Z sends a sec-
tion p ∈ Z[P ] to 1 ⊗ p. In this case when P = Nr with standard generators
ei (1 ≤ i ≤ r) the module Ω1

(X,MX)/Z is isomorphic to the classically de-
fined module of logarithmic differentials on Ar ' Spec(Z[X1, . . . , Xr]) with
the section 1⊗ ei ∈ OX ⊗Z Zr playing the role of d log(Xi).

1.3.21. If f : (X,MX)→ (Y,MY ) is log smooth the dual of the vector bundle
Ω1

(X,MX)/(Y,MY ), denoted T(X,MX)/(Y,MY ), is called the log tangent bundle.
As in the classical case of schemes, the cohomology of the log tan-

gent bundle controls the deformation theory of log smooth morphisms. Let
i : (Y0,MY0) ↪→ (Y,MY ) be a strict closed immersion defined by a square–
zero quasi–coherent ideal I ⊂ OY , and let f0 : (X0,MX0) → (Y0,MY0) be
a log smooth and integral morphism. A log smooth deformation of f0 is a
commutative diagram of log schemes

(X0,MX0)
j−−−−→ (X,MX)

f0

y yf
(Y0,MY0)

i−−−−→ (Y,MY ),

(1.3.21.1)

where j is a strict closed immersion, and the underlying diagram of schemes
is cartesian. Note that since f0 is assumed integral any deformation f is also
integral from which it follows that X → Y is a flat deformation of X0 → Y0.

Theorem 1.3.22 ([20, 3.14]) (i) There is a canonical obstruction

o ∈ H2(X0, I ⊗OY0
T(X0,MX0 )/(Y0,MY0 )) (1.3.22.1)
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whose vanishing is necessary and sufficient for there to exists a log smooth
deformation of f0.
(ii) If o = 0 then the set of isomorphism classes of log smooth deformations
of f0 is canonically a torsor under H1(X0, I ⊗OY0

T(X0,MX0 )/(Y0,MY0 )).
(iii) For any log smooth deformation f of f0, the group of automorphisms of
f is canonically isomorphic to H0(X0, I ⊗OY0

T(X0,MX0 )/(Y0,MY0 )).

1.3.23. For technical reasons we will also need the notion of saturated log
scheme.

If (X,M) is a log scheme then the units M∗ ⊂ M are by the definition
of log structure identified with O∗

X via the map α : M → OX . We let λ :
O∗
X ↪→M be the resulting inclusion. The monoid law on M defines an action

of O∗
X on M by translation. The quotient M := M/O∗

X has a natural monoid
structure induced by the monoid structure onM . The log structureM is called
saturated if for every geometric point x̄ → X the monoid M x̄ is saturated.
This means that if M →M

gp
denotes the universal map from M to a group,

then
M x̄ = {m ∈Mgp

x̄ |nm ∈M x̄ for some n ≥ 1}. (1.3.23.1)

We also say that the log scheme (X,M) is saturated if M is a saturated log
structure.

Proposition 1.3.24 ([35, Chapter II, 2.4.4]). The inclusion functor

(saturated fine log schemes) ↪→ (fine log schemes) (1.3.24.1)

has a left adjoint (X,M) 7→ (Xsat,M sat).

Remark 1.3.25. The log scheme (Xsat,M sat) is called the saturation of
(X,M).

Remark 1.3.26. Locally the saturation of a fine log scheme (X,M) can be
described as follows. Let P be a finitely generated integral monoid, and assume
given a strict morphism

(X,M)→ Spec(P → Z[P ]). (1.3.26.1)

Let P ′ ⊂ P gp be the submonoid of elements p ∈ P gp for which there exists
an integer n > 0 such that np ∈ P . Then P ′ is a saturated monoid. The
saturation (Xsat,M sat) is then equal to the scheme

Xsat := X ×Spec(Z[P ]) Spec(Z[P ′]) (1.3.26.2)

with the log structure M sat equal to the pullback of the log structure on
Spec(P ′ → Z[P ′]).

Remark 1.3.27. If (f, f b) : (X,MX) → (Y,MY ) is a morphism of fine sat-
urated log schemes with f locally of finite presentation, then (f, f b) is log
smooth if and only if the infinitesimal lifting property 1.3.7.1 holds with T
(and hence also T0) saturated. This follows from the adjointness property of
the functor (T,MT ) 7→ (T sat,M sat

T ).
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1.4 Summary of Alexeev’s results

For the convenience of the reader we summarize in this section the main results
of Alexeev [1]. At various points in the work that follows we have found it
convenient to reduce certain proofs to earlier results of Alexeev instead of
proving everything “from scratch”.

1.4.1. Recall [1, 1.1.6] that a reduced scheme P is called seminormal if for
every reduced scheme P ′ and proper bijective morphism f : P ′ → P such that
for every p′ ∈ P ′ mapping to p ∈ P the map k(p)→ k(p′) is an isomorphism,
the morphism f is an isomorphism.

In his paper, Alexeev considers two kinds of moduli problems. The first
concerns polarized toric varieties and the second abelian varities. We summa-
rize here the main results from both problems. The reader only interested in
abelian varieties can skip to 1.4.7.

Broken toric varieties.

1.4.2. Let X be a finitely generated free abelian group, and let T =
Spec(Z[X]) be the corresponding torus. If S is a scheme, we write TS for
the base change of T to S.

1.4.3. Let B = Spec(k) be the spectrum of an algebraically closed field k,
and let P/B be an affine integral scheme with action of the torus TB such
that the action has only finitely many orbits. Write P = Spec(R), and assume
that for every p ∈ P (k) the stabilizer group scheme Hp ⊂ TB of p is connected
and reduced.

The TB–action on P defines (and is defined by) an X–grading R =
⊕χ∈XRχ. Since R is an integral domain the set

S := {χ ∈ X|Rχ 6= 0} ⊂ X (1.4.3.1)

is a submonoid of X. Since the TB–action has only finitely many orbits, there
exists an orbit which is dense in P . Pick a point p ∈ P (k) in this orbit so
that the map TB → P sending a scheme-valued point g ∈ TB to g(p) ∈ P is
dominant. This map defines a TB–invariant inclusion R ↪→ k[X]. This shows in
particular that each Rχ is a k–vector space of dimension 1 or 0. Furthermore,
if X ′ ⊂ X denotes the subgroup generated by ω and T → T ′ the associated
quotient torus of T , then the map TB → P defines by p ∈ P (k) factors
through a dense open immersion T ′B ↪→ P . Furthermore we obtain a morphism
Spec(k[S])→ P which by [1, 2.3.13] is an isomorphism if P is seminormal.

More generally, if P is reduced, affine, but not necessarily irreducible, we
obtain a collection of cones Si ⊂ X as follows. Let {Pi ⊂ P} be the closures
of the orbits of the T–action. Since each Pi is an irreducible scheme we get
a collection of cones Si ⊂ X. If Pi ⊂ Pj then one sees from the construction
that Si is a face of Sj .
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1.4.4. We can also use this to study the projective situation. Let (P,L ) be a
projective scheme with T–action over k with a linearized ample line bundle L .
Assume that P is seminormal and connected, the T–action has only finitely
many orbits, and that for every point p ∈ P the stabilizer group scheme is
reduced.

Set R = ⊕i≥0H
0(P,L ⊗i). Let T denote the torus T ×Gm. The Z–grading

on R defines an action of Gm on R which one can show commutes with the
T–action thereby defining an action of T on R. Applying the above discussion
to R with this T–action we obtain a collection of cones Si ⊂ Z ⊕ X. Let
∆ ⊂ XR be the union of the intersections of the cones Si,R with the set
(1, XR) ⊂ Z ⊕XR. Then one can show that ∆ is a polytope in XR and that
the Si,R ∩∆ define a paving of XR in the sense of 2.1.1 below.

1.4.5. The association of the polytope ∆ to (P,L ) in the preceding para-
graph behaves well in families. If S is a scheme and f : P → S is a projective
flat morphism with T = Spec(Z[X]) a torus acting on P over S, and L is a
T–linearized ample invertible sheaf on P then for any geometric point s̄→ S
the fiber Ps̄ defines a polytope ∆s̄ ⊂ XR. As explained in [1, 2.10.1], if S is
connected then the polytopes ∆s̄ are all equal.

For a fixed polytope Q ⊂ XR, this enables one to define a stack T P fr[Q]
which to any scheme S associates the groupoid of triples (f : P → S,L , θ ∈
f∗L ) as follows:

(i) f : P → S is a proper flat morphism of schemes, and T acts on P over S.
(ii) For every geometric point s̄→ S the fiber Ps̄ is seminormal and connected

with associated polytope Q ⊂ XR.
(iii) L is a relatively ample invertible sheaf on P .
(iv) θ ∈ f∗L is a section such that for every geometric point s̄→ S the section

θs̄ ∈ H0(Ps̄,Ls̄) is nonvanishing on each irreducible component of Ps̄.

Theorem 1.4.6 ([1, 2.10.10]) The stack T P fr[Q] is a proper algebraic stack
over Z with finite diagonal.

Abelian varieties

1.4.7. Following Alexeev [1, 1.1.3.2], a stable semiabelic variety over an alge-
braically closed field k is a scheme P/k together with an action of a semiabelian
scheme G/k such that the following condition holds:

1. The dimension of G is equal to the dimension of each irreducible compo-
nent of P .

2. P is seminormal.
3. There are only finitely many orbits for the G–action.
4. The stabilizer group scheme of every point of P is connected, reduced,

and lies in the toric part T of G.
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A stable semiabelic pair is a projective stable semiabelic variety P (with action
of the semiabelian group scheme G) together with an ample line bundle L
on P and a section θ ∈ H0(P,L ) whose zero locus does not contain any
G–orbits.

1.4.8. If S is a scheme, then a stable semiabelic pair over S is a collection of
data (G, f : P → S,L , θ ∈ f∗L ) where:

1. G is a semiabelian scheme over S.
2. f : P → S is a projective flat morphism, and G acts on P over S.
3. L is a relatively ample invertible sheaf on P .
4. θ ∈ f∗L is a section.
5. For every geometric point s̄ → S the fiber (Gs̄, Ps̄,Ls̄, θs̄ ∈ H0(Ps̄,Ls̄))

is a stable semiabelic pair.

One can show that the sheaf f∗L is locally free and that its formation com-
mutes with arbitrary base change on S. We define the degree of a stable
semiabelic pair to be the rank of f∗L .

1.4.9. Fix integers g and d, and let Mg,d denote the stack over Z which to any
scheme S associates the groupoid of stable semiabelic pairs (G,P,L , θ) with
G of dimension g and L of degree d. Let Ag,d ⊂ Mg,d denote the substack
classifying pairs (G,P,L , θ), where G is an abelian scheme.

By a standard Hilbert scheme argument one sees that the diagonal of
Mg,d is representable. It therefore makes sense to talk about the connected
components of Mg,d (we ignore the question of whether the stack Mg,d is
algebraic; presumably this is the case). Furthermore the inclusion Ag,d ⊂
Mg,d is representable by open immersions. Let A Alex

g,d denote the union of the
connected components of Mg,d meeting Ag,d.

Theorem 1.4.10 ([1, 5.10.1]) The stack A Alex
g,d is a proper Artin stack over

Z with finite diagonal.

1.4.11. When d = 1, the stack Ag,1 is canonically isomorphic to the moduli
stack of principally polarized abelian varieties. To see this denote temporarily
by A ′

g the moduli stack of principally polarized abelian varieties. Using 1.1.6
we get a functor

F : Ag,1 → A ′
g , (A,P,L , θ) 7→ (A, λL : A→ At), (1.4.11.1)

which we claim is an isomorphism. Evidently every object of A ′
g is étale locally

in the essential image of F , so it suffices to show that F is fully faithful. This
is the content of the following lemma:

Lemma 1.4.12 Let S be a scheme and A/S an abelian scheme. Let (Pi,Li, θi)
(i = 1, 2) be two collections of data as follows:

(i) fi : Pi → S is an A-torsor;
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(ii) Li is a relatively ample invertible sheaf on Pi such that fi∗Li is locally
free of rank 1 on S;

(iii) θi ∈ fi∗Li is a section which is nonzero in every fiber.

Assume further that the two isomorphisms

λLi
: A→ At (1.4.12.1)

are equal. Then there exists a unique pair (g, gb) of isomorphisms

g : P1 → P2, gb : g∗L2 → L1, (1.4.12.2)

where g is an isomorphism of A-torsors and gb is an isomorphism of line
bundle on P1 such that gb∗(θ2) = θ1).

Proof. Using the uniqueness we may by descent theory work locally on the
fppf topology on S. We may therefore assume that the torsors Pi are trivial.
Choose some trivializations ιi : A→ Pi.

Any isomorphism of torsors g : A → A is necessarily translation by a
point. Indeed any isomorphism g can be written as ta ◦ h, where h : A→ A is
a homomorphism. Since g is also supposed to commute with the A-action we
have for every α ∈ A

g(α) = g(e) + α (1.4.12.3)

which gives
h(α) + a = a+ α. (1.4.12.4)

Therefore h is the identity and g must be translation by a point.
Next note that since λL1 = λL2 we have

t∗a(L1 ⊗L −1
2 ) ' L1 ⊗L −1

2 (1.4.12.5)

for all a ∈ A. It follows that L1 ⊗ L −1
2 ∈ Pic0

A/S(S). In particular, there
exists a unique point a ∈ A such that t∗aL2 ' L1. We take translation by this
element a to be the map g. The choice of gb is then uniquely determined by
the condition gb∗(θ2) = θ1. ut

Remark 1.4.13. The space A Alex
g,1 therefore provides a compactification of

Ag,1. However, in general the stack A Alex
g,1 has many irreducible componets.

One of the main problems dealt with in this paper is how to “carve out”
the component of A Alex

g,1 and also to generalize the theory to higher degree
polarizations.

1.5 Rigidification of stacks

The results of this section are only used in chapters 4 and 5.
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1.5.1. Let X be an Artin stack and let I → X denote the intertia stack.
By definition I is the fiber product of the diagram

Xy∆
X

∆−−−−→ X ×X .

(1.5.1.1)

More concretely, for any scheme S the groupoid I (S) is the groupoid of pairs
(x, α), where x ∈X (S) and α is an automorphism of x in X (S). In particular
I is a group algebraic space over X .

Assume given a group scheme G over X and a closed immersion G ⊂ I
of group spaces over X . Assume that for any scheme S and x ∈ X (S) the
subgroup scheme x∗G ⊂ Aut(x) is a normal subgroup scheme flat over S. This
implies that for any second object x′ ∈X (S) and isomorphism ι : x→ x′ the
induced isomorphism

Aut(x)→ Aut(x′), g 7→ ι ◦ g ◦ ι−1 (1.5.1.2)

sends x∗G to x′∗G .
A scheme valued section α ∈ x∗G acts on the space Hom(x, x′) by

ι 7→ ι ◦ α. (1.5.1.3)

This defines an action of x∗G , and we can form the quotient

x∗G \Hom(x, x′). (1.5.1.4)

This quotient is an algebraic space since x∗G is flat over S. Observe also that
since 1.5.1.2 sends x∗G to x′∗G the quotient 1.5.1.4 is also isomorphic to

Hom(x, x′)/x′∗G , (1.5.1.5)

where α ∈ x′∗G acts by
ι 7→ α ◦ ι. (1.5.1.6)

Let HomX (x, x′) denote the space 1.5.1.4.

Lemma 1.5.2 For any x, x′, x′′ ∈ X (S) be three object. Then there exists a
unique morphism

HomX (x, x′)×S HomX (x′, x′′)→ HomX (x, x′′) (1.5.2.1)

such that the diagram

HomX (x, x′)×S HomX (x′, x′′)
composition−−−−−−−→ HomX (x, x′′)y y

HomX (x, x′)×S HomX (x′, x′′) −−−−→ HomX (x, x′′)

(1.5.2.2)

commutes.
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Proof. We leave this to the reader. ut

1.5.3. Let X
ps

denote the prestack which to any scheme S associates the
category whose objects are the objects of X (S) and whose morphisms x→ x′

are the elements of
HomX (x, x′). (1.5.3.1)

Using 1.5.2 we obtain a category X
ps

(S). Let X denote the associated stack.

Proposition 1.5.4. The stack X is an algebraic stack.

Proof. Let x : U → X be a smooth covering by a scheme, and let R =
HomX (x, x). Also let R denote HomX (x, x). Then X is the stack associated
to a groupoid R ⇒ U . Thus it suffices to show that the projections R → U
are flat. By construction the natural map R→ R is faithfully flat, and hence
the projections R→ U are also flat since R→ U is smooth. ut

Definition 1.5.5. The stack X in 1.5.4 is called the rigidification of X with
respect to G .

Remark 1.5.6. Note that the projection X →X is faithfully flat. Moreover,
if U → X is a morphism and s : U → X is a section, then U ×X X is
isomorphic to the classifying stack Bs∗G over U of the group scheme s∗G .
In particular, if G is smooth over X then the morphism X → X is also
smooth.
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Moduli of broken toric varieties

In this chapter we discuss the logarithmic interpretation of the main compo-
nent of the moduli spaces for “broken toric varieties” considered by Alexeev.
This study contains many of the basic ideas used later for our study of abelian
varieties. The reader only interested in abelian varieties can however skip di-
rectly to chapter 3.

2.1 The basic construction

2.1.1. Let X be a free abelian group of finite rank r, and let XR denote
X ⊗Z R. A polytope in XR is a subset equal to the convex hull of a finite set
of points in XR. A polytope Q ⊂ XR is integral if it is the convex hull of
a finite set of points in X ⊂ XR. A face of a polytope Q ⊂ XR is a subset
F of the boundary ∂Q of the form Q ∩H for some r − 1–dimensional linear
subspace H ⊂ XR. A face of a polytope is again a polytope. The dimension of
a polytope Q is the dimension of the smallest affine subspace of XR containing
Q. A vertex of a polytope Q is a zero–dimensional face.

A paving of a polytope Q ⊂ XR is a finite collection S of subpolytopes
ω ⊂ Q such that the following hold:

(i) For any two elements ω, η ∈ S, the intersection ω ∩ η is also in S.
(ii) Any face of a polytope ω ∈ S is again in S.
(iii) View S as a category in which for ω, η ∈ S the set Hom(ω, η) is empty

unless ω ⊂ η in which case there exists a unique morphism ω → η. The
inclusions into Q then induce a set map lim−→ω∈S ω → Q which we require
to be an isomorphism.

If Q is an integral polytope, then an integral paving of Q is a paving S such
that each ω ∈ S is an integral polytope.

Let Q ⊂ XR be an integral polytope, and let Z ⊂ Q be the set of integral
point. Let ψ : Z → R be a function, and consider the convex hull in R ⊕XR
of the set
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Gψ := {(h, x) ∈ R⊕XR|x ∈ Z and h ≥ ψ(x)}. (2.1.1.1)

The lower boundary of Gψ is then the graph of a piecewise linear function
gψ : Q→ R. A paving S of Q is called regular if it is equal to the domains of
linearity of gψ for some ψ : Z → R.

2.1.2. Let X be a free abelian group of finite rank, and for an abelian group
A (e.g. Q or R) let XA denote X ⊗Z A. Denote by T the torus Spec(Z[X]),
and let Q ⊂ XR denote an integral polytope of dimension ≥ 1. We denote by
X the abelian group Z⊕X.

Let S be an integral regular paving of Q. We view S as a category with
a unique morphism ωi → ωj between two polytopes ωi and ωj of S if ωi is a
polytope of ωj and the empty set otherwise.

For a face ωi of S, letNi denote the integral points of the cone Cone(1, ωi) ⊂
XR, and define

Ngp
S := lim−→

ωi∈S
Ngp
i , (2.1.2.1)

where for an integral monoid M we write Mgp for its associated group. Also
define P to be the integral points of Cone(1, Q) ⊂ XR. The Z-grading on X
makes P an N-graded monoid.

Remark 2.1.3. Define NS := lim−→ωi∈S
Ni (limit in the category of integral

monoids). Then by the universal property of the group associated to a monoid,
the group associated to NS is equal to Ngp

S .

2.1.4. For every ωi ∈ S, let ρi : Ni → Ngp
S be the natural map. If p ∈ Ni∩Nj ,

then p ∈ Nk for ωk = ωi ∩ ωj . It follows that ρi(p) = ρj(p). Consequently the
ρi define a set map ρ : P → Ngp

S by sending p ∈ Ni to ρi(p).
For p1, p2 ∈ P define p1 ∗ p2 ∈ Ngp

S by

p1 ∗ p2 := ρ(p1) + ρ(p2)− ρ(p1 + p2). (2.1.4.1)

Let HS ⊂ Ngp
S be the submonoid generated by the elements p1 ∗ p2.

Lemma 2.1.5 (i) p1 ∗ p2 = p2 ∗ p1.
(ii) p1 ∗ p2 + p3 ∗ (p1 + p2) = ρ(p1) + ρ(p2) + ρ(p3)− ρ(p1 + p2 + p3).
(iii) If p1, p2 ∈ Ni, then p1 ∗ p2 = 0.

Proof. This follows immediately from the definition. ut

2.1.6. Following [1], let S̃C1(X≥0) denote the free monoid with generators
symbols (χ̄, χ), where χ̄ ∈ ⊕ωi∈SNi and χ ∈ ∪Ni ⊂ ⊕iNi and λ(χ̄) = λ(χ),
where λ : ⊕Ni → P denotes the natural projection. Define SC1(X≥0) to be
the quotient of S̃C1(X≥0) by the relations

(χ̄1, χ1) + (χ̄2, χ2) = (χ̄1 + χ̄2, χ1 + χ2) (2.1.6.1)
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when χ1 and χ2 lie in the same cone. Define SC1(X≥0)/B1 to be the quotient
defined by the relations

(χ1, χ2) + (χ̄0, χ1) = (χ̄0, χ2). (2.1.6.2)

Let δ : ⊕iNi → Ngp
S be the map sending (χi)ωi∈S to

∑
i χi, and let

π : S̃C1(X≥0)→ Ngp
S (2.1.6.3)

be the map sending (χ̄, χ) to δ(χ̄)− χ.

Lemma 2.1.7 The map π descends to SC1(X≥0)/B1, and defines a surjec-
tion SC1(X≥0)/B1 → HS.

Proof. That the map descends to SC1(X≥0)/B1 follows from the definition of
the relations.

The image of π contains HS since for p ∈ Ni and q ∈ Nj defining elements
p̄, q̄ ∈ ⊕Ni the image of (p̄+ q̄, p+ q) is equal to p ∗ q.

To see that the image is contained in HS , choose an ordering ω1, . . . ωn of
the top–dimensional simplices of S, and consider an element

(
n∑
i=1

χ̄i,
∑
i

χi), (2.1.7.1)

where χi ∈ Ni. Then the image of this element under π is equal to the image
of

(χ̄1 + χ̄2, χ1 + χ2) + (χ1 + χ2 + χ̄3 + · · ·+ χ̄n,
n∑
i=1

χi). (2.1.7.2)

By induction on n the result follows. ut

Corollary 2.1.8 The monoid HS is finitely generated.

Proof. This follows from the preceding lemma and [1, 2.9.5]. ut

2.1.9. Define P o HS to be the monoid with underlying set P × HS and
addition law given by

(p1, q1) + (p2, q2) := (p1 + p2, q1 + q2 + p1 ∗ p2). (2.1.9.1)

The formulas in 2.1.5 imply that this gives a well–defined commutative monoid
structure. A straightforward verification shows that in fact the monoid PoHS

is a commutative, integral, graded monoid with grading induced by the map

P oHS −−−−→ P
deg−−−−→ N. (2.1.9.2)

Lemma 2.1.10 The monoid P oHS is finitely generated.
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Proof. Let p1, . . . , pr ∈ P be elements such that for each ω ∈ S the monoid of
integral points of Cone(1, ω) is generated by the set of pi’s lying in Cone(1, ω).
Then P oHS is generated by HS and the elements (pi, 0). ut

Lemma 2.1.11 The morphism HS → P oHS is integral.

Proof. By [20, 4.1], it suffices to show the following.
Consider elements (pi, hi) ∈ P oHS and qi ∈ HS (i = 1, 2) such that

(p1, h1) + (0, q1) = (p2, h2) + (0, q2). (2.1.11.1)

We must find (p, h) ∈ P oHS , and elements q3, q4 ∈ HS such that

(p1, h1) = (p, h) + (0, q3), (p2, h2) = (p, h) + (0, q4). (2.1.11.2)

For this note that 2.1.11.1 can be rewritten as

(p1, h1 + q1) = (p2, h2 + q2), (2.1.11.3)

and therefore p1 = p2 and h1 + q1 = h2 + q2. From this it follows that we can
take p = p1, h = 0, q3 = h1, and q4 = h2. ut

2.1.12. Let PS → Spec(Z[HS ]) be the projective scheme Proj(Z[P oHS ]).
The natural map of monoids P o HS → Z[P o HS ] induces a log structure
MPS

on PS so that there is a natural log smooth and integral morphism

(PS ,MPS
)→ Spec(HS → Z[HS ]). (2.1.12.1)

This log structure MPS
is perhaps most easily constructed by noting that

the Gm–action on Spec(Z[P oHS ]) extends naturally to an action on the log
scheme Spec(P o HS → Z[P o HS ]) over Spec(Z[HS ]) (see for example [36,
paragraph preceding 5.14]). Since PS is isomorphic to [Spec(Z[P o HS ]) −
{0}/Gm] we obtain by descent theory also a log structure on PS . The mor-
phism 2.1.12.1 is log smooth and integral since the morphism

Spec(Z[P oHS ])→ Spec(Z[HS ]) (2.1.12.2)

is log smooth and integral by 1.3.11 (note that Hgp
S → (P oHS)gp is injective

with cokernel isomorphic Z⊕X).
Note that the projection P o HS → P induces an action of the group

scheme D(X) ' T ×Gm (this isomorphism is the one induced by the decom-
position X ' Z ⊕ X) on (PS ,MPS

,OPS
(1)). This action is equivalent to

an action of T on (PS ,MPS
) together with a T–linearization of the sheaf

OPS
(1). As in the introduction, we refer to the resulting polarized log scheme

(PS ,MPS
,OPS

(1)) with its T–action over Spec(HS → Z[HS ]) as the stan-
dard family associated to S.
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Remark 2.1.13. The log structure MPS
has the following additional struc-

ture. Let (C ,MC ) denote the cone Spec(P o HS → Z[P o HS ]), and let C o

denote the complement of the vertex. The global chart induces a surjection
π : P o HS → MC . This map is Gm–invariant, and hence descends to a
surjection γ : P oHS →MPS

which étale locally lifts to a chart.

2.1.14. Let QQ denote the rational points of Q, and let

η : P → QQ (2.1.14.1)

by the map sending p to (1/deg(p)) · p ∈ (1, QQ) ⊂ XQ.

2.1.15. Let k be a ring, and f : HS → k a morphism (where k is viewed as a
monoid using the multiplicative structure). Define Ff := f−1(k∗) ⊂ HS . The
submonoid Ff ⊂ HS is a face, so we can consider the localization HS,Ff (the
submonoid of Hgp

S generated by HS and F gpf ), and the quotient HS,Ff /F
gp
f .

Lemma 2.1.16 Let p, q, r ∈ P be elements.
(i) (q ∗ p) + (r ∗ p) + (q + p) ∗ (r + p) = (q + r) ∗ p+ (q + r + p) ∗ p+ q ∗ r.
(ii) f(p ∗ q) ∈ k∗ if and only if both f((2q) ∗ p) and f((2q + p) ∗ p) are in k∗.
(iii) If f(p ∗ q) ∈ k∗, then for every m ≥ 1 the elements f((2mq) ∗ p) and
f((2mq + p) ∗ p) are in k∗.
(iv) For every n ∈ N if f(p ∗ q) ∈ k∗ then f(p ∗ (nq)) ∈ k∗.
(v) For every n,m ∈ N, if f(p ∗ q) ∈ k∗ then f((np) ∗ (mq)) ∈ k∗.

Proof. Statement (i) is a straightforward calculation. Statement (ii) follows
from (i) by taking q and r in (i) both equal to q. Statement (ii) also implies
(iii) by induction on m.

For (iv), choose m such that 2m ≥ n. Then by (i)

(nq)∗p+((2m−n)q)∗p+(nq+p)∗ ((2m−n)q+p) = (2mq)∗p+(2mq+p)∗p,
(2.1.16.1)

and by (iii) the image of the right side under f is in k∗. Therefore f applied
to each of the terms on the left side must also be in k∗.

Statement (v) follows immediately from (iv). ut

Lemma 2.1.17 Fix p ∈ P and let ωi ∈ S be a simplex such that there exists
q ∈ Ni with f(p∗q) ∈ k∗, and such that the line segment in Q connecting η(p)
and η(q) meets ωi in at least one other point. Then f(q′ ∗ p) ∈ k∗ for every
q′ ∈ Ni.

Proof. The assumptions imply that there exists an integer n ≥ 1 such that
nq + p ∈ Ni. Taking q = nq, r = p, and p = q′ in (2.1.16 (i)) we obtain

nq∗q′+p∗q′+(nq+q′)∗(p+q′) = (nq+p)∗q′+(nq+p+q′)∗q′+nq∗p. (2.1.17.1)

Since nq + p, nq + p+ q′ ∈ Ni and using (2.1.16 (iv)), this implies that

f((nq + p) ∗ q′)f((nq + p+ q′) ∗ q′)f(nq ∗ p) ∈ k∗, (2.1.17.2)

and this in turn implies that f(p ∗ q′) ∈ k∗. ut
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Lemma 2.1.18 Let p, q ∈ P be elements with f(p∗ q) ∈ k∗, and let L ⊂ Q be
the line segment connecting η(p) and η(q). The for any q′ ∈ P with η(q′) ∈ L
we have f(p ∗ q′) ∈ k∗. In particular, for any two numbers n,m ∈ N we have
f((np+mq) ∗ p) ∈ k∗.

Proof. Since the polytope Q is integral, there exists an integer r and a
parametrization ρ : [0, r] → L such that ρ(0) = q, ρ(r) = p, and for ev-
ery integer i ∈ [0, r − 1] the segment ρ([i, i + 1]) lies in a single simplex of S
and ρ(i) ∈ QQ. This last observation implies that there exists qi ∈ P with
η(qi) = ρ(i) (we take q0 = q). By the preceding lemma, if f(qi ∗ p) ∈ k∗,
then f(q ∗ p) ∈ k∗ for every q ∈ P with η(q) ∈ ρ([i, i + 1]). In particular, if
f(qi ∗ p) ∈ k∗ then f(qi+1 ∗ p) ∈ k∗ as well. By induction on i starting with
i = 0 (this case is by assumption), the result follows. ut

Lemma 2.1.19 Let ωi ∈ S be a simplex, and let Ni denote the monoid of
integral points in Cone(1, ωi). Let p ∈ Ni be an interior point and q, q′ ∈ P
elements such that f(p ∗ q) and f(p ∗ q′) are in k∗. Fix α, β ∈ N.
(i) f((αq +Np) ∗ (βq′ +Np)) ∈ k∗ for every N ≥ 1.
(ii) f((αq + βq′) ∗ p), f((αq) ∗ (βq′)) ∈ k∗.

Proof. For (i), note first that since p is an interior point the result holds for
N sufficiently big. Therefore it suffices to prove that if the result holds for all
integers greater than or equal to some N ≥ 2 then it also holds for N − 1. For
this take q = αq + (N − 1)p, r = βq′ + (N − 1)p, and p = p in (2.1.16 (i)) so
that

(αq+(N − 1)p) ∗ p+(βq′+(N − 1)p) ∗ p+(αq+Np) ∗ (βq′+Np) (2.1.19.1)

is equal to

(αq+βq′+2(N−1)p)∗p+(αq+βq′+(2N−1)p)∗p+(αq+(N−1)p)∗(βq′+(N−1)p).
(2.1.19.2)

Since 2.1.19.1 maps to k∗ under f by induction and 2.1.18, this implies (i) for
N − 1.

For (ii), apply (2.1.16 (i)) with q = αq, r = βq′, and p = p to get

(αq∗p)+(βq′∗p)+(αq+p)∗(βq′+p) = (αq+βq′)∗p+(αq+βq′+p)∗p+(αq)∗(βq′).
(2.1.19.3)

By (i) and (2.1.16 (iv)) the left side of this expression maps to k∗ under f ,
and therefore (ii) follows. ut

2.1.20. Define a new paving S′ of Q, which is coarser than S, by declaring
that two top–dimensional simplices ωi, ωj ∈ S lie in the same simplex of
S′ if and only if there exists interior elements pi ∈ Ni and pj ∈ Nj with
f(pi ∗ pj) ∈ k∗. The preceding lemmas imply that this is well–defined. That
is for three simplices ωi, ωj , ωk ∈ S and interior elements pi ∈ Ni, pj ∈ Nj ,
and pk ∈ Nk, if f(pi ∗ pk), f(pj ∗ pk) ∈ k∗ then f(pi ∗ pj) ∈ k∗. Also the
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simplices of S′ are convex by 2.1.18 so this really gives a paving. Since S is
a refinement of S′ there is a natural map π : Ngp

S → Ngp
S′ which induces a

surjection HS → HS′ .

Lemma 2.1.21 The kernel of π : Ngp
S → Ngp

S′ is equal to the subgroup of Ngp
S

generated by f−1(k∗) ⊂ HS.

Proof. For ωj ∈ S′, let ∆j ⊂ S be the full subcategory whose objects are
simplices ωi ∈ S lying in ωj . Then

Ngp
S = lim−→

ωj∈S′
( lim−→
ωi∈∆j

Ngp
i ). (2.1.21.1)

To prove the lemma it therefore suffices to show that for any fixed ωj ∈ S′
the kernel of the map

lim−→
ωi∈∆j

Ngp
i → Cone(1, ωj)gp (2.1.21.2)

is generated by elements p1∗p2 with p1, p2 ∈ Cone(1, ωj). LetK ⊂ lim−→ωi∈∆j
Ngp
i

be the subgroup generated by these elements.
For any abelian group A, we have by the universal property of direct limit

and the group associated to a monoid

Hom( lim−→
ωi∈∆j

Ngp
i , A) ' lim←−

ωi∈∆j
Hom(Ni, A). (2.1.21.3)

From this description it follows that to given an element

λ ∈ Hom(( lim−→
ωi∈∆j

Ngp
i )/K,A) (2.1.21.4)

is equivalent to giving a compatible collection of morphisms λi : Ni → A such
that for any two elements pi ∈ Ni and pj ∈ Nj with pi + pj ∈ Nk we have

λi(pi) + λj(pj)− λk(pi + pj) = 0. (2.1.21.5)

This condition amounts to saying that the maps λi are induced by a homo-
morphism λ : Cone(1, ωj)→ A. By Yoneda’s lemma it follows that

lim−→
ωi∈∆j

Ngp
i /K ' Cone(1, ωj)gp (2.1.21.6)

as desired. ut

Corollary 2.1.22 The map π identifies HS′ with the quotient of HS by the
face f−1(k∗).
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2.1.23. Let Mk be the log structure on Spec(k) induced by the map f :
HS → k, and let

(PS,k,MPS,k
,OPS,k

(1))→ (Spec(k),Mk) (2.1.23.1)

be the polarized log scheme with action of Tk obtained by base change from
(PS ,MPS

,OPS
(1)) by the map Spec(k)→ Spec(Z[HS ]).

Lemma 2.1.24 After replacing k by a finite flat extension, the family 2.1.23.1
is isomorphic to the base change of the standard family

(PS′ ,MPS′ ,OPS′ )→ Spec(HS′ → Z[HS′ ]) (2.1.24.1)

by a map Spec(k) → Spec(Z[HS′ ]) induced by a map HS′ → k sending all
nonzero elements to k − k∗.

Proof. If ρ : HS → k∗ is a homomorphism, and f ′ : HS → k is the map
sending h ∈ HS to ρ(h) · f(h), then we obtain a second family

(P ′
S,k,MP′

S,k
,OP′

S,k
(1))→ (Spec(k),M ′

k). (2.1.24.2)

Since P gp is a free abelian group we have Ext1(P gp, k∗) = 0. It follows that
the exact sequence

0→ Hgp
S → (P oHS)gp → P gp → 0 (2.1.24.3)

induces a short exact sequence

0→ Hom(P gp, k∗)→ Hom((P oHS)gp, k∗)→ Hom(Hgp
S , k∗)→ 0.

(2.1.24.4)
Let ρ̃ : P oHS → k∗ be a lifting of ρ. Then there is a commutative diagram

P oHS
(p,h) 7→(ρ̃(p)ρ(h),p,h)−−−−−−−−−−−−−→ k∗ ⊕ P oHSx x

HS
h7→(ρ(h),h)−−−−−−−→ k∗ ⊕HS

(2.1.24.5)

which induces a commutative diagram of polarized log schemes

(P ′
S,k,MP′

S,k
,OP′

S,k
(1)) −−−−→ (PS,k,MPS,k

,OPS,k
(1))y y

(Spec(k),M ′
k)

σ−−−−→ (Spec(k),Mk),

(2.1.24.6)

where σ is an isomorphism of log schemes whose underlying morphism
Spec(k)→ Spec(k) is the identity.

Let F ⊂ HS be the face f−1(k∗), and let HS,F be the localization so
that HS′ = HS/F . Since Hgp

S′ is a finitely generated group, there exists after
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replacing k by a finite flat extension a homomorphism ρ : Hgp
S → k∗ whose

restriction to F gp is the map induced by f . Replacing f by ρ−1 · f we may
assume that f maps F gp to 1. In this case the map HS → k factors through
a map HS′ → k sending all nonzero elements to 0. This defines the map
Spec(k) → Spec(Z[HS′ ]) and an isomorphism between Mk and the pullback
of the log structure on Spec(Z[HS′ ]). Furthermore, since F gp is sent to 1 ∈ k,
there is a canonical isomorphism

Z[P oHS ]⊗Z[HS ] k ' Z[(P oHS)⊕HS HS′ ]⊗Z[HS′ ]
k ' Z[P oHS′ ]⊗Z[HS′ ]

k.
(2.1.24.7)

This defines the desired isomorphism between 2.1.23.1 and 2.1.24.1. ut

Remark 2.1.25. Note that any two choices of the lifting ρ differ by a homo-
morphism P gp → k∗. Equivalently, the isomorphism in 2.1.24.1 is canonical
up to the action of D(X) on (PS ,MPS

,OPS
).

Corollary 2.1.26 Let g : PS → Spec(Z[HS ]) denote the structure mor-
phism. Then the formation of the sheaves Rig∗OPS

(d) (d ≥ 0, i ≥ 0)
commutes with arbitrary base change B′ → Spec(Z[HS ]), and the sheaves
Rig∗OPS

(d) are zero for i ≥ 1. Furthermore there is a canonical isomorphism
of Z[HS ]–algebras

⊕d≥0H
0(PS ,OPS

(d)) ' Z[P oHS ]. (2.1.26.1)

Proof. First note that by the construction there is a canonical map

Z[P oHS ]→ ⊕d≥0H
0(PS ,OPS

(d)). (2.1.26.2)

By standard cohomology and base change results [16, III.12.11], it therefore
suffices to show that for any geometric point s̄ → Spec(Z[HS ]), we have
Hi(PS,s̄,OPS,s̄

(d)) = 0 for all i ≥ 1 and d ≥ 0 and that 2.1.26.2 induces
an isomorphism

k(s̄)⊗Z[HS ] Z[P oHS ]→ ⊕d≥0H
0(PS,s̄,OPS,s̄

(d)). (2.1.26.3)

This follows from [1, 2.5.1 and 2.5.2]. ut

Corollary 2.1.27 Let (B,MB) be a fine log scheme, and g : (X,MX) →
(B,MB) a proper log smooth morphism of fine log schemes. Let L be an
invertible sheaf on X such that for every geometric point s̄ → B the data
(MB |k(s̄), Xs̄,MXs̄ , LXs̄) over Spec(k(s̄)) is isomorphic to the base change of
(MS ,PS ,MPS

,OPS
(1)) via some map Z[HS ]→ k(s̄). Then the natural map

OB → g∗OX is an isomorphism, for any d ≥ 0 the formation of g∗Ld com-
mutes with arbitrary base change, and the sheaves Rig∗Ld are zero for i ≥ 1.

Proof. Again cohomology and base change [16, III.12.11] implies that it suf-
fices to verify these statement for each geometric fiber which is the previous
corollary. ut
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Remark 2.1.28. The above discussion implies in particular that when con-
sidering the standard family it suffices to consider pavings S such that HS

is sharp (i.e. H∗
S = {0}). By the following proposition it therefore suffices to

consider regular integral pavings of Q.

Proposition 2.1.29. Let S be a paving of Q. Then S is regular if and only
if the monoid HS is sharp.

Proof. For this note first the following characterization of sharp monoids:

Lemma 2.1.30 Let M be a fine monoid. Then M is sharp if and only if there
exists a homomorphism h : M → N with h−1(0) = 0.

Proof. Since N is sharp, for any h : M → N we have h(M∗) = {0}. From this
the “if” direction follows.

For the “only if” direction, let M sat denote the saturation of M and let M
denote the quotient of M sat by its group of unit. The inverse image of 0 under
the composite M →M sat →M is equal to {0}. Indeed, if an element m ∈M
maps to a unit in M sat, then there exists an element y ∈ M sat such that
x+ y = 0. Let n be an integer such that ny ∈M . Then we have nx+ ny = 0
in M so x+((n−1)x+ny) = 0 and x is a unit in M . It follows that it suffices
to prove the “only if” direction in the case when M is also saturated.

In this case, it follows from [21, 5.8 (1)] that there exists for any element
m ∈ M a morphism h : M → N with h(m) 6= 0. Let m1, . . . ,mr ∈ M be
a set of generators and let hi : M → N be a map with hi(mi) 6= 0. Then
h := h1 + · · ·+ hr : M → N is a map with h−1(0) = {0}. ut

Thus 2.1.29 is equivalent to the statement that S is regular if and only if there
exists a homomorphism h : Hgp

S → Z sending the nonzero elements of HS to
the positive integers. From the exact sequence

0→ Hom(P gp,Z)→ Hom(P oHS ,Z)→ Hom(HS ,Z)→ 0 (2.1.30.1)

we see that there exists such a homomorphism h if and only if there exists
a function g : P → Z which is linear on the monoid of integral points of
each Cone(1, ωi), and such that for any two elements p, q ∈ P not lying in
the same Cone(1, ω) we have g(p) + g(q) − g(p + q) > 0. Now giving such a
function g is equivalent to giving a function ψ : Z → Z (where Z denotes the
integral points of Q) such that S is the regular paving associated to ψ by the
construction in 2.1.1. ut

2.1.31. Let H → Q be an integral morphism of integral monoids such that
Hgp → Qgp is injective with torsion free cokernel. Let P denote the cokernel
in the category of integral monoids of the morphism H → Q. The monoid P
is equal to the image of Q in the group Qgp/Hgp = P gp. Assume that H is
sharp (i.e. H∗ = {0}), and let π : Q→ P be the projection.

For p ∈ P define a partial order ≤ on π−1(p) by declaring that f ≤ g if
there exists h ∈ H such that f + h = g.
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Lemma 2.1.32 For any p ∈ P there exists a unique element p̃ ∈ π−1(p) such
that p̃ ≤ f for all f ∈ π−1(p).

Proof. By [35, 2.1.5 (3)], there exists a minimal (for the partial order ≤)
element p̃ ∈ π−1(p). Let f ∈ π−1(p) be any other element. Since p̃ and f map
to the same element in P , there exist elements h1, h2 ∈ H such that

p̃+ h1 = f + h2. (2.1.32.1)

Since the morphism H → Q is integral, this implies by [20, 4.1] that there
exists an element g ∈ π−1(p) and h3, h4 ∈ H such that

p̃ = g + h3, f = g + h4, h1 + h3 = h2 + h4. (2.1.32.2)

Since p̃ is minimal, this implies that h3 = 0, p̃ = g, whence p̃ ≤ f . This also
proves that if f is also minimal then f = p̃. ut

Remark 2.1.33. It follows in particular that as a module over Z[H], there
exists a canonical isomorphism

Z[P oHS ] ' ⊕p∈PZ[H] · p̃. (2.1.33.1)

2.2 Automorphisms of the standard family over a field

2.2.1. Let k be a field, S an integral regular paving of a polytope Q ⊂ XR,
Mk the log structure on Spec(k) induced by the unique map HS → k sending
all nonzero elements to 0, and let

(Pk,MPk
,OPk

(1), T–action)→ (Spec(k),Mk) (2.2.1.1)

be the resulting standard family. Let C denote the cone

Spec(⊕d≥0H
0(P,OPk

(d)) ' Spec(k ⊗Z[HS ] Z[P oHS ]), (2.2.1.2)

and let MC denote the log structure associated to the map P oHS → OC .

Proposition 2.2.2. Let α : (Pk,OPk
(1)) → (Pk,OPk

(1)) be an automor-
phism of the underlying polarized scheme with T–action (recall T = D(X)).
Then there exists a unique pair (αb, β), where β : Mk → Mk is an automor-
phism of Mk and αb : α∗MPk

→MPk
is an isomorphism compatible with the

T–action such that the diagram

α∗MPk

αb−−−−→ MPkx x
Mk

β−−−−→ Mk

(2.2.2.1)

commutes.
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Proof. Let αC : C → C be the automorphism of the cone induced by α.
For an element (p, h) ∈ P o HS , write ζ(p,h) for the resulting element of

k ⊗Z[HS ] Z[P oHS ].
The automorphism αC : C → C is induced by a map

α∗C : k ⊗Z[HS ] Z[P oHS ]→ k ⊗Z[HS ] Z[P oHS ] (2.2.2.2)

compatible with the D(X)–action. Looking at the character decomposition of
k ⊗Z[HS ] Z[P o HS ], it follows that there exists a set map ρ : P → k∗ such
that α∗C is given by

ζ(p,0) 7→ ρ(p)ζ(p,0). (2.2.2.3)

Furthermore, for any simplex ω ∈ S the restriction of ρ to Cone(1, ω) ⊂ P is
a homomorphism. Consequently, ρ is an element of Hom(Ngp

S , k∗), where Ngp
S

is defined as in 2.1.2.1.
Let β : Mk →Mk be the automorphism induced by the composite

β̃ : HS ↪→ Ngp
S → k∗. (2.2.2.4)

The map β is induced by the morphism of prelog structures HS → k∗ ⊕HS

sending h ∈ HS to (β̃(h), h). Also define

ρ̃ : P oHS → k∗, (p, h) 7→ ρ(p)β̃(h). (2.2.2.5)

The formula

ρ(p)ρ(q) = ρ(p+ q)(ρ(p)ρ(q)ρ(p+ q)−1) = ρ(p+ q)β̃(p ∗ q) (2.2.2.6)

implies that in fact ρ̃ is a homomorphism. We then define αb to be the iso-
morphism induced by the map

P oHS → k∗ ⊕ P oHS , (p, h) 7→ (ρ̃(p, h), (p, h)). (2.2.2.7)

This completes the proof of the existence of (αb, β).
For the uniqueness, it suffices to show that if σ : MPk

→ MPk
and

β : Mk → Mk are compatible automorphisms of the log structures which are
also compatible with the T–action, then σ and β must be the identities. This
can be verified after base change to an algebraic closure of k, and hence we
may assume that k is algebraically closed.

For ωi ∈ S, let Pi ⊂ Pk be the irreducible component Proj(k[Ni]), and
let Mi ⊂MPk

|Pi
be the sub–log structure consisting of sections whose image

in OPi
is nonzero. The log structure Mi is isomorphic to the standard log

structure on Proj(k[Ni]) induced by the map Ni → k[Ni]. In particular, the
map Mi → OPi

is injective which implies that σ|Mi
is the identity. Denote

by Ci ⊂ Ck the closed subscheme Spec(k[Ni]), and let C o
i ⊂ Ci denote the

complement of the vertex.
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Lemma 2.2.3 The natural map

k∗ ⊕ (P oHS)gp → H0(C o
i ,M

gp
Pk
|C o
i
) (2.2.3.1)

is an isomorphism.

Proof. Denote by Qi the quotient of Mgp
Pk
|C o
i

by Mgp
i so that there is an exact

sequence
0→Mgp

i →Mgp
Pk
|C o
i
→ Qi → 0. (2.2.3.2)

The quotient Qi is the constant sheaf associated to the abelian group (P o
HS)gp/Ngp

i . Consideration of the commutative diagram (where the map c is
an isomorphism since Qi is a constant sheaf on a connected scheme)

0 // k∗ ⊕Ngp
i

//

��

k∗ ⊕ (P oHS)gp //

��

(P oHS)gp/Ngp
i

//

c

��

0

0 // H0(C o
i ,M

gp
i ) // H0(C o

i ,M
gp
Pk
|C o
i
) // H0(C o

i , Qi)
(2.2.3.3)

shows that it suffices to prove that H0(C o
i ,M

gp
i ) is equal to k∗ ⊕ Ngp

i . This
follows from noting that there is an injection

H0(C o
i ,M

gp
i ) ↪→ H0(Spec(k[Ngp

i ]),O∗) = k∗ ⊕Ngp
i . (2.2.3.4)

ut

Lemma 2.2.4 The natural map

k∗ ⊕ (P oHS)gp → H0(C o
k ,M

gp
C o
k
) (2.2.4.1)

is an isomorphism.

Proof. Let W denote the set of top–dimensional simplices of S, and choose
an ordering of W . For an ordered subset i1 < i2 < · · · < ir of W let

ji1···ir : Ci1···ir ↪→ Ck (2.2.4.2)

denote the intersection Ci1 ∩ · · · ∩ Cir . There is then a commutative diagram
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0 0 0y y y
O∗

C o
k
−−−−→ ⊕iji∗O∗

C o
i

−−−−→ ⊕i<jjij∗O∗
C o
ij

−−−−→ · · ·y y y
Mgp

C o
k
−−−−→ ⊕iji∗Mgp

Pk
|C o
i
−−−−→ ⊕i<jjij∗Mgp

Pk
|C o
ij
−−−−→ · · ·y y y

M
gp

C o
k
−−−−→ ⊕iji∗M

gp

Pk
|C o
i
−−−−→ ⊕i<jjij∗M

gp

Pk
|C o
ij
−−−−→ · · ·y y y

0 0 0.

(2.2.4.3)

By cohomological descent for proper morphisms the bottom row is exact [6,
VIII.9.4], and by [1, 2.5.5] the top row is also exact in degrees ≤ 1. It follows
that the middle row is also exact in degrees ≤ 1 so

H0(C o
k ,M

gp
C o
k
) = Ker(⊕iH0(C o

i ,M
gp
Pk
|C o
i
)→ ⊕i<jH0(C o

ij ,M
gp
Pk
|C o
ij

)),
(2.2.4.4)

which by 2.2.3 shows that

H0(C o
k ,M

gp
C o
k
) = H0(|Q|, k∗ ⊕ (P oHS)gp) = k∗ ⊕ (P oHS)gp. (2.2.4.5)

Here |Q| denotes the topological space associated to the polytope Q (i.e. the
set Q with the topology induced by the real topology on XR). ut

It follows that the automorphism σ induces an automorphism δ : k∗⊕(Po
HS)gp → k∗ ⊕ (P oHS)gp. By the above, for every simplex ωi, the map

H0(C o
k ,M

gp
C o
k
)→ H0(C o

i ,M
gp
C o
k
|C o
i
) (2.2.4.6)

is an isomorphism. Furthermore, since the map Mi → OC o
i

is injective the
automorphism δ induces the identity map on

H0(C o
i ,M

gp
i ) ⊂ H0(C o

i ,M
gp
C o
k
|C o
i
). (2.2.4.7)

If p lies in Cone(1, ωi), then the image of p in H0(C o
i ,M

gp
C o
k
|C o
i
) lies in

H0(C o
i ,M

gp
i ). Since 2.2.4.6 is injective it follows that δ(p) = p. This implies

that δ restricts to the identity map on P . Furthermore, for any two elements
p, q ∈ P we have

δ(p+ q, 0) + δ(0, p ∗ q) = δ(p+ q, p ∗ q)
= δ(p, 0) + δ(q, 0)
= (p, 0) + (q, 0)
= (p+ q, p ∗ q)
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in P oHS . It follows that δ(0, p ∗ q) = (0, p ∗ q). Since HS is generated by the
elements p ∗ q we conclude that δ, and hence also σ, is the identity map.

Finally this implies that β is the identity since the map Mk → MPk
is

injective. This completes the proof of 2.2.2. ut

2.3 Deformation theory

2.3.1. Let k be an infinite field, and A′ → A a surjection of Artinian local
rings with residue field k and kernel J = Ker(A′ → A) a finite dimensional
k–vector space.

Let S be an integral regular paving of a polytope Q ⊂ XR, and let c :
HS → A′ be a morphism sending all nonzero elements to the nilradical of A′

and inducing log structures MA′ , MA, and Mk and Spec(A′), Spec(A), and
Spec(k) respectively. Let

(PA,MPA
, LA, ρ)→ (Spec(A),MA) (2.3.1.1)

be the polarized log scheme with T–action ρ obtained by base change via the
map Z[HS ]→ A from the standard family over Z[HS ].

Definition 2.3.2. A deformation (PA′ ,MPA′ , LA′ , ρ
′) of (PA,MPA

, LA, ρ)
to (Spec(A′),MA′) is a log smooth deformation (PA′ ,MPA′ ) of (PA,MPA

)
together with a deformation LA′ of LA and a lifting ρ′ of the T–action ρ to
(PA′ ,MPA′ , LA′).

Proposition 2.3.3. Any deformation

(PA′ ,MPA′ , LA′ , ρ
′) (2.3.3.1)

of 2.3.1.1 to (Spec(A′),MA′) is isomorphic to the base change of the standard
family via the map Z[HS ]→ A′ induced by c.

The proof will be in several steps 2.3.4–2.3.9.
Fix a deformation 2.3.3.1. Let CA = Spec(A ⊗Z[HS ] Z[P o HS ]) denote

the cone and C o
A the complement of the vertex so that PA = [C o

A/Gm]. Let
MCA denote the canonical log structure on CA induced by the map P oHS →
A ⊗Z[HS ] Z[P oHS ]. Also let C o

A′ denote the total space of the O∗
PA′

–torsor
corresponding to LA′ so that PA′ = [C o

A′/Gm], and let MC o
A′

denote the
pullback of MPA′ to C o

A′ .

Lemma 2.3.4 For any i ≥ 1, the group Hi(C o
k ,OC o

k
)Gm of Gm–invariants

in Hi(C o
k ,OC o

k
) is zero.

Proof. Since Pk = [C o
k /Gm], there is a canonical isomorphism

Hi(C o
k ,OC o

k
)Gm ' Hi(Pk,OPk

), (2.3.4.1)

which by 2.1.27 is zero. ut
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Lemma 2.3.5 The log tangent sheaf T(Ck,MCk
)/(k,Mk) is isomorphic as a

sheaf with D(X)–action to Hom(X,Z) ⊗Z OCk (where D(X) acts trivially on
Hom(X,Z)).

Proof. By [20, 1.8] the chart P oHS →MCk induces an isomorphism

d log : OC o
k
⊗Z P

gp ' Ω1
(C o
k ,MCo

k
)/(k,Mk)

, (2.3.5.1)

which by the construction in (loc. cit.) is compatible with the D(X)–action.
ut

Lemma 2.3.6 The log smooth deformation (C o
A′ ,MC o

A′
) of (C o

A,MC o
A
) (i.e.

ignoring the action of D(X)) is isomorphic to the base change of the standard
model.

Proof. By [20, 3.14] the set of isomorphism classes of log smooth deformations
of (C o

A,MC o
A
) form a torsor under the group

H1(C o
k , T(C o

k ,MCo
k
)/(k,Mk) ⊗ J) ' H1(C o

k ,OC o
k
)⊗Hom(X, J). (2.3.6.1)

Thus taking the difference of (C o
A′ ,MC o

A′
) and the standard model we obtain

a class o in this group. Furthermore, since both the standard model and
(C o
A′ ,MC o

A′
) come equipped with liftings of the D(X)–action the class o is

invariant under the Gm–action. By 2.3.4 we therefore have o = 0. ut

This reduces the proof of 2.3.3 to the following. Let τ be an action of D(X)
on the log scheme

Spec(P oHS → A′ ⊗Z[HS ] Z[P oHS ])− {vertex} (2.3.6.2)

over Spec(HS → A′) reducing to the standard action. Then we wish to show
that there is an infinitesimal automorphism σ of Spec(P o HS → A′ ⊗Z[HS ]

Z[P oHS ])− {vertex} over Spec(HS → A′) taking τ to the standard action.
For such an isomorphism σ induces an isomorphism of log schemes

(PA′ ,MPA′ ) ' [(C o
A′ ,MC o

A′
)/Gm]

' [Spec(P oHS → A′ ⊗Z[HS ] Z[P oHS ])− {vertex}/Gm],

and the quotient of 2.3.6.2 by the Gm-action is just the base change of the
standard model. Furthermore the deformation LA′ of the line bundle can be
recovered as the invertible sheaf associated to the Gm–torsor C o

A′ → [C o
A′/Gm].

Let (CA′ ,MCA′ ) denote the log scheme Spec(P oHS → A′⊗Z[HS ] Z[P oHS ]).

Lemma 2.3.7 The natural map

H0(CA′ ,OCA′ )→ H0(C o
A′ ,OC o

A′
) (2.3.7.1)

is an isomorphism.



2.3 Deformation theory 51

Proof. The short exact sequence of sheaves

0→ J ⊗ OCk → OCA′ → OCA → 0 (2.3.7.2)

induces a commutative diagram

0 // J ⊗H0(Ck,OCk) //

��

H0(CA′ ,OCA′ ) //

��

H0(CA′ ,OCA) //

��

0

0 // J ⊗H0(C o
k ,OC o

k
) // H0(C o

A′ ,OC o
A′

) // H0(C o
A′ ,OC o

A
),

(2.3.7.3)
where the top row is exact on the right since Ck is affine. From this it follows
that it suffices to prove the result for Ck and CA. By induction on the integer
n such that rad(A)n = 0 it follows that it suffices to show that the map

H0(Ck,OCk)→ H0(C o
k ,OC o

k
) (2.3.7.4)

is an isomorphism.
For simplicity write just C for Ck. For ωi ∈ S let Ci denote the cone

Spec(k[Ni]), and let ji : Ci ↪→ C be the inclusion. Let S denote the set of
top–dimensional simplices, and order these simplices in some way. Then by
[1, 2.5.5] there is a natural isomorphism of sheaves

OC ' Ker(⊕ωi∈S ji∗OCi → ⊕ωi,ωj∈S ,ωi<ωj jij∗OCij ), (2.3.7.5)

where Cij denotes the intersection Ci ∩Cj and jij : Cij ↪→ C is the inclusion.
We thus obtain a commutative diagram

0

��

0

��
H0(C ,OC )

��

a // H0(C o,OC o)

��
⊕ωi∈SH

0(Ci,OCi)

��

b // ⊕ωi∈SH
0(C o

i ,OC o
i
)

��
⊕ωi,ωj∈S ,ωi<ωjH

0(Cij ,OCij )
c // ⊕ωi,ωj∈S ,ωi<ωjH

0(C o
ij ,OC o

ij
)

(2.3.7.6)

with exact columns. Since the dimension of Q is at least 1 by assumption,
each Ci is a normal scheme of dimension ≥ 2. It follows that the map b
is an isomorphism, and that the kernel of c is equal to the direct sum of
H0(Cij ,OCij ) for ωi, ωj ∈ S with ωi ∩ωj zero–dimensional. In particular the
map a is injective. Furthermore, if α ∈ H0(C o,OC o) is a section mapping
to zero in ⊕ωi∈SH

0(C o
i ,OC o

i
) then α induces a collection of sections (αi) ∈

⊕ωiH0(Ci,OCi) which are compatible on the overlaps, and hence are obtained
from a section of H0(C ,OC ). ut
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Fix an element u ∈ D(P gp)(A′), and let τu be the resulting automorphism
of (CA′ ,MCA′ ). Since τ reduces to the standard action over A, the automor-
phism τu induces the identity automorphism on MCA′ . It follows that for
every element p ∈ P , there exists a unique element νp ∈ Γ (C o

A′ ,O
∗
C o
A′

) =
Γ (CA′ ,O∗

CA′
) reducing to u(p) in Γ (C ,O∗

C ) such that

τu(β(p̃)) = λ(νp) + β(p̃), (2.3.7.7)

where p̃ ∈ P oHS denotes the canonical lifting of p provided by 2.3.3, and β
is the chart. Write

νp = u(p)(1 +
∑
χ∈P

guχ(p)), guχ(p) ∈ J · ζχ ⊂ A′ ⊗Z[H] Z[P oHS ]. (2.3.7.8)

Lemma 2.3.8 (i) For any χ ∈ P with u(χ) 6= 1, the element

hχ(p) := guχ(p)(u(χ)− 1)−1 ∈ J · ζχ (2.3.8.1)

is independent of the choice of u, and the map p 7→ 1 +
∑
χ∈P hχ(p) ∈

Γ (CA′ ,O∗
CA′

) is a homomorphism.
(ii) For any section u ∈ D(P gp)(A′) we have

(u(χ)− 1)hχ(p) = guχ(p), (2.3.8.2)

where hχ(p) is defined as in (i) using any other section of D(P pg)(A′) not
mapping to 1 in D(P gp)(k).

Proof. Let u′ ∈ D(P gp)(A′) be a second section. Since the action τu′ agrees
with the standard action modulo J , we have

τu′(1 +
∑
χ

guχ(p)) = 1 +
∑
χ

guχ(p)u′(χ). (2.3.8.3)

Computing we find

τu′ ◦ τu(β(p̃)) = τu′(λ(u(p)) + λ(1 +
∑
χ g

u
χ(p)) + β(p̃))

= λ(u′(p)) + λ(u(p)) + λ(1 +
∑
χ g

u
χ(p)u′(χ))

+ λ(1 +
∑
χ g

u′

χ (p)) + β(p̃).

(2.3.8.4)

From this and the corresponding formula for τu ◦ τu′(β(p̃)) it follows that∑
χ

(guχ(p)u′(χ) + gu
′

χ (p)) =
∑
χ

(gu
′

χ (p)u(χ) + guχ(p)). (2.3.8.5)

This implies that for every χ we have

guχ(p)u′(χ) + gu
′

χ (p) = gu
′

χ (p)u(χ) + guχ(p), (2.3.8.6)
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or equivalently
guχ(p)(u′(χ)− 1) = gu

′

χ (p)(u(χ)− 1). (2.3.8.7)

This proves the independence of u in the definition of hχ in (i) and also proves
(ii). That the map p 7→ 1 +

∑
χ hχ(p) is a homomorphism follows from the

observation that guχ(p) is additive in p, whence hχ(p) is also additive in p. ut

2.3.9. This lemma completes the proof of 2.3.3 because the infinitesimal
automorphism defined by

P oHS → Γ (CA′ ,O∗
CA′

)⊕ P oHS , q 7→ (1 +
∑
χ

hχ(q̄), q), (2.3.9.1)

where q̄ ∈ P denotes the image of q in P , transforms the action τ into the
standard action of D(X). ut

2.4 Algebraization

Fix an integral regular paving S of a polytope Q ⊂ XR.

2.4.1. Let A be a complete noetherian local ring with maximal ideal m ⊂ A,
and let An denote the reduction of A modulo mn. Let k denote the residue
field of A and assume k 6= F2. Fix a map l : HS → A defining a log structure
MA on Spec(A), and let MAn denote the pullback of MA to Spec(An). Assume
that the map l : HS → k sends all non–zero elements to 0.

Let
(XA,MXA , LA, ρA)→ (Spec(A),MA) (2.4.1.1)

be a log smooth proper morphism with polarization and T–action, such that
the reduction (Xk,MXk , Lk, ρk) is isomorphic to the standard family over
(Spec(k),Mk).

Proposition 2.4.2. The family (XA,MXA , LA, ρA) is isomorphic to the base
change of the standard family over Z[HS ] via the map l : Z[HS ]→ A.

Proof. Let (Xn,MXn , Ln, ρn) be the reduction of (XA,MXA , LA, ρA) modulo
mn.

By the deformation theory, there is an isomorphism of compatible systems

{(Xn,MXn , Ln, ρn)}n ' {(PS,An ,MPS,An
,OPS,An

(1), standard action)}n.
(2.4.2.1)

By the Grothendieck existence theorem [13, 5.1.4] it follows that (Xn, Ln) is
isomorphic to the base change of the standard family (PS,A,OPS,A

(1)).
To see that this isomorphism is also compatible with the T–actions, for

any integer d define Rd = H0(XA, L
⊗d
A ). The module Rd is a finite A–module,

and the two actions correspond to two decompositions Rd = ⊕χMχ and Rd =
⊕χNχ. These two decompositions agree modulo mn for every integer n, and
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hence they must agree. Since XA can be recovered as Proj(⊕dRd) it follows
that the two actions agree.

It remains only to see that the log structure MXA agrees with the log
structure obtained from the standard family. Let M ′ denote the log structure
on XA obtained from the standard family.

Since the sheaves MXA and M
′
are constructible, the proper base change

theorem [6, XII.5.1] implies that

H0(XA,MXA) = H0(Xk,MXk) ' H0(XA,M
′
). (2.4.2.2)

Let γ′ : P × HS → M
′

be the natural map described in 2.1.13, and let
γ : P oHS →MXA be the map induced by the isomorphism 2.4.2.2.

Lemma 2.4.3 The map γ lifts étale locally on XA to a chart for MXA .

Proof. Since XA is proper, it suffices to consider étale neighborhoods of geo-
metric points x̄→ XA in the closed fiber. Let Fx̄ ⊂ P oHS be the inverse im-
age under the map PoHS →MXA,x̄. Since (PoHS)gp is torsion free, the map
γ : (P oHS)gp →M

gp

XA,x̄ admits a lifting to a map γ̃ : (P oHS)gp →Mgp
XA,x̄

compatible with the given map HS → MXA,x̄ (see for example [19, proof of
4.1]). By [20, 2.10] it follows that it suffices to show that the map

(P oHS)/Fx̄ →MXA,x̄ (2.4.3.1)

is an isomorphism. This can be verified on the closed fiber in which case it
follows from the fact that γ′ locally lifts to a chart. ut
Lemma 2.4.4 Let I denote the functor on the category of XA–schemes which
to any scheme T associates the set of isomorphisms MXA |T ' M ′|T over
MA|T compatible with the maps γ and γ′. Then I is a separated algebraic
space.

Proof. The assertion is étale local on XA. We may therefore assume that there
exists charts β : P o HS → MXA and β′ : P o HS → M ′ lifting γ and γ′

respectively. Define

SPoHS/HS := [Spec(Z[P oHS ])/D(P g)]. (2.4.4.1)

We view SPoHS/HS as a moduli stack for log structure as in [36, 5.20]. Let
g : XA → SPoHS/HS ×SPoHS/HS be the map defined by the log structures
MXA and M ′. Then

I ' SPoHS/HS ×∆,SPoHS/HS×SPoHS/HS ,g
XA. (2.4.4.2)

Since the diagonal of SPoHS/HS is separated the result follows. ut
Remark 2.4.5. In fact I is representable by a scheme, but this is not needed.

To construct an isomorphism between MXA and M ′, note that the iso-
morphisms over the reductions define a compatible family of maps Xn → I.
Since I is separated and XA is proper, this compatible collection is uniquely
algebraizable to a map XA → I which gives the desired isomorphism. This
completes the proof of 2.4.2. ut
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2.5 Approximation

2.5.1. Let (B,MB) be a fine log scheme, b̄ → B a geometric point, S an
integral regular paving of Q, and HS → Γ (B,MB) a chart such that the map
HS → k(b̄) sends all non–zero elements to 0. Let

(XB ,MXB , LB , ρB)→ (B,MB) (2.5.1.1)

be a proper log smooth family with polarization and T–action such that the
fiber (Xb̄,MXb̄ , Lb̄, ρb̄) over (b̄,Mb̄) is isomorphic to the base change of the
standard family via the map Z[HS ]→ k(b̄) induced by the chart.

Proposition 2.5.2. In an étale neighborhood of b̄, the family 2.5.1.1 is iso-
morphic to the base change via B → Spec(Z[HS ]) of the standard family.

Proof. Let (P,MP , LP , ρ′) denote the standard family.
By the preceding section, we know the result over the completion ÔB,b̄.

Let I1 denote the functor over B

Isom(XB ,P). (2.5.2.1)

By [39, 4.1 and 4.2] it is a separated algebraic space. Over I1 there is a
tautological isomorphism σ : XB ×B I1 → P ×B I1. Let I2 be the functor
over I1 classifying isomorphisms between the polarizations. The space I2 can
be described as follows. Let L1 be the sheaf pr∗1LB on XB ×B I1, and let L2

be the pullback of LP along the tautological isomorphism

XB ×B I1 →P ×B I1 (2.5.2.2)

over I1 (so L2 is also an invertible sheaf on XB ×B I1. Let Ĩ2 → XB ×B I1 be
the Gm–torsor of isomorphisms between L1 and L2. Then I2 is equal to the
fiber product of the diagram

Hom(XB , Ĩ2)y
B

id−−−−→ Hom(XB , XB),

(2.5.2.3)

where for two B–schemes U and V we write Hom(U, V ) for the functor on the
category of B–schemes which to any T/B associates the set of T–morphisms
U ×B T → V ×B T . It is shown in [39, 4.1] that if U is proper and flat over B
and V is separated over B then Hom(U, V ) is a separated algebraic space over
B. In particular, I2 is an algebraic space separated over I1 and so I2 is also
separated overB. Now the tautological isomorphism σ : (XB , LB)→ (P, LP)
over I2 may not be compatible with the T–actions. We claim that the condition
that it is compatible with the T–action is represented by a closed subscheme,



56 2 Moduli of broken toric varieties

denoted I3, of I2. This can be seen by noting that the two actions define two
decompositions of

R = ⊕d≥0f∗L
d (2.5.2.4)

into a direct sum of locally free sheaves of rank 1. Since this algebra is finitely
generated, this implies that I3 is defined as a subfunctor of I2 by the condition
that a finite set of maps between locally free sheaves of rank 1 on I2 vanish.
This is evidently representable by a closed subscheme.

By [4, 2.5], the map Spec(ÔB,b̄)→ I3 defined by the isomorphisms over the
completion can be approximated by a morphism in some étale neighborhood of
b̄. It remains only to approximate the isomorphism between the log structures
MXB and MP (which we view as a log structure also on XB). By the proper
base change theorem, we may assume as in 2.4.3 that there is a map γ′ :
P o HS → MXB which locally lifts to a chart. Let γ : P o HS → MP be
the map defined in 2.1.13. Then as in 2.4.4 we can define a functor Q over
XB which to any XB–scheme associates the set of isomorphisms between the
pullbacks of MXB and MP and are also compatible with the maps γ and γ′.
By 2.4.4 (note that the proof made no use of the fact that the base was the
spectrum of a complete local ring) the functor Q is represented by a separated
algebraic space overXB . Let I5 denote the functor over B which to any scheme
W → B associated the set of sections of the projection Q×BW → XB×BW.
If f : XB → B denotes the structure morphism, then in the notation of [39,
1.5] we have I5 = f∗Q. In particular, I5 is represented by a quasi–separated
algebraic space over B. From this and [4, 2.5] it follows that we can also
approximate the isomorphisms over the completion between the log structures.
ut

2.6 Automorphisms over a general base

2.6.1. Fix an integral regular paving S of a polytope Q ⊂ XR.
Let B = Spec(A) be an affine scheme, MB the log structure on B defined

by a map HS → A, and

(XB ,MXB , LB , ρB)→ (B,MB) (2.6.1.1)

the standard family over (B,MB).
Let Aut be the group of automorphisms of the data

(MB , XB ,MXB , LB , ρB), (2.6.1.2)

and let Aut′ denote the group of automorphisms of the underlying polarized
scheme with T–action.

Proposition 2.6.2. The forgetful map h : Aut→ Aut′ is a bijection.
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Proof. To see that the map h is injective, let a : MXB →MXB and b : MB →
MB be automorphisms defining an element of the kernel. By the case when
B is a field already considered, the induced maps ā : MXB → MXB and
b̄ : MB →MB are the identity morphisms.

Let γ : P oHS →MXB denote the surjection defined in 2.1.13. Then since
ā is the identity, there exists a map of sheaves k̃ : MXB → O∗

XB
such that for

any local sectionm ∈MXB we have a(m) = λ(k̃(m))+m. Let k : PoHS → A∗

be the map obtained by composing with γ and taking global sections. Now
for every p ∈ P there exists a point x ∈ XB such that the image of p in OX,x
is non–zero. From this it follows that k(p, 0) = 1 for every p. This in turn
implies that k(0, p ∗ q) = 1 for every p, q ∈ P since

1 = k(p, 0) · k(q, 0) = k(p+ q, p ∗ q) = k(p+ q, 0) · k(0, p ∗ q). (2.6.2.1)

It follows that k is the constant map sending all elements to 1 and hence a
and b are trivial. This proves the injectivity of h.

For the surjectivity consider an automorphism

σ : (XB , LB , ρB)→ (XB , LB , ρB). (2.6.2.2)

Let R denote the algebra ⊕d≥0H
0(XB , L

⊗d
B ). By 2.1.13 there is a canonical

isomorphism of graded algebras

R ' A⊗Z[HS ] Z[P oHS ]. (2.6.2.3)

The automorphism σ therefore induces an automorphism of the algebra
A⊗Z[HS ] Z[P oHS ] compatible with the D(P gp)–action. It follows that there
exists a set map

κ : P → A∗ (2.6.2.4)

such that σ is induced by the map ζ(p,0) 7→ κ(p) · ζ(p,0) in A⊗Z[HS ] Z[P oHS ],
where ζ(p,0) ∈ A ⊗Z[HS ] Z[P o HS ] denotes the element defined by (p, 0) ∈
P o HS . The map κ need not be a homomorphism, but for any ωi ∈ S the
restriction of κ to the cone Ni is linear. The map κ therefore corresponds to
a map

δ : Ngp
S = lim−→Ng

i → A∗. (2.6.2.5)

Note that for p, q ∈ P we have

δ(p ∗ q) = κ(p)κ(q)κ(p+ q)−1. (2.6.2.6)

Also if β : P oHS → R denotes the natural map, then

β(p, 0) · β(q, 0) = β(p+ q, 0)β(0, p ∗ q), (2.6.2.7)

and σ acts trivially on β(0, p ∗ q). It follows that

κ(p) · κ(q) · β(0, p ∗ q) = κ(p+ q) · β(0, p ∗ q). (2.6.2.8)
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In other words, the diagram

HS −−−−→ A

h7→(δ(h),h)

y yid

A∗ ⊕HS −−−−→ A

(2.6.2.9)

commutes.
Let a : MXB → MXB and b : MB → MB be the automorphisms induced

by the maps
P oHS → A∗, (p, h) 7→ κ(p) · δ(h), (2.6.2.10)

and
HS → A∗, h 7→ δ(h). (2.6.2.11)

Then these maps induce an automorphism of (MB , XB ,MXB , LB , ρB) induc-
ing σ. This completes the proof of 2.6.2. ut

2.7 The stack KQ

2.7.1. Fix a finitely generated free abelian group X, and let Q ⊂ XR be an
integral polytope.

Let KQ denote the fibered category over Spec(Z) which to any scheme B
associates the groupoid of data

(MB , f : (X,MX)→ (B,MB), L, θ, ρ) (2.7.1.1)

where

(i) MB is a fine log structure on B,
(ii) f : (X,MX) → (B,MB) is a log smooth morphism whose underlying

morphism of schemes X → B is proper.
(iii) L is a relatively ample invertible sheaf on X/B.
(iv) ρ is an action of D(X) on the triple ((X,MX), L) over (B,MB).
(v) θ ∈ f∗L is a section.

We require that the following conditions hold for every geometric point s̄→ B:

(vi) The zero–locus of θs̄ in Ps̄ does not contain any T–orbits.
(vii) There exists a paving S of Q such that the data

(Xs̄,MXs̄ , Ls̄, ρs̄)→ (s̄,MB |s̄) (2.7.1.2)

is isomorphic to the base change of the standard family

(PS ,MPS
,OPS

(1), D(X)–action) (2.7.1.3)

via the map Z[HS ]→ k(s̄) sending all non–zero elements of HS to 0 (note
that implicit here is the assumption that HS has no nonzero invertible
elements; see 2.1.28 for more discussion about this).
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2.7.2. Note that there is a natural log structure MKQ
on the fibered category

KQ. To give such a log structure is equivalent to giving for any 1–morphism
t : B → KQ a log structure on B which is functorial in the morphism t (see
[40, Appendix B] for more details). If t corresponds to data 2.7.1.1 then we
simply take the log structure MB .

The main theorem of this chapter is the following:

Theorem 2.7.3 (i) The fibered category KQ is a proper irreducible algebraic
stack with finite diagonal.
(ii) The log stack (KQ,MKQ

) is log smooth over Spec(Z).
(iii) The stack KQ is canonically isomorphic to the closure (with the reduced
structure) of the irreducible open substack classifying smooth polarized toric
varieties of the stack T P fr[Q] defined in [1, 2.10.10].

Remark 2.7.4. Statement (2.7.3 (ii)) implies that locally in the smooth
topology the stack KQ is isomorphic to Spec(Z[M ]) for some fine monoid
M (this follows from [20, 3.5]). In particular, the normalization of KQ has at
most toroidal singularities.

2.7.5. The proof of 2.7.3 occupies the remainder of this section. Note that
clearly KQ is a stack with respect to the étale topology.

Lemma 2.7.6 Let T P fr[Q] be the stack defined in [1, 2.10.10]. Then the
functor KQ → T P fr[Q] which forgets the log structures is fully faithful. In
particular, by (loc. cit.) the diagonal

∆ : KQ → KQ ×KQ (2.7.6.1)

is representable and finite.

Proof. Let B be a scheme and

(MB , XB ,MXB , LB , θ, ρ), (M
′
B , X

′
B ,MX′

B
, L′B , θ

′, ρ′) ∈ KQ(B) (2.7.6.2)

two objects. Set

I := Spec(B)×KQ×KQ
KQ, I ′ := Spec(B)×T Pfr[Q]×T Pfr[Q] T P fr[Q].

(2.7.6.3)
A priori, I is just a sheaf. Let b̄ → B be a geometric point over which the
two families are isomorphic. By the deformation theory, algebraization, and
approximation we can after replacing B by an étale neighborhood of b as-
sume that there exists an integral regular paving S of Q, maps ρ, ρ′ : HS →
Γ (B,OB) inducing the same map to k(b̄), such that the families (that is, the
given data without the sections) are isomorphic to the base changes of the
standard family over Z[HS ] by the maps B → Spec(HS) induced by ρ and ρ′.

In this case, the argument used to prove the surjectivity part of 2.6.2 shows
that the map I(B)→ I ′(B) is surjective. From 2.6.2 it therefore follows that
I(B)→ I ′(B) is bijective. This implies the lemma. ut



60 2 Moduli of broken toric varieties

2.7.7. To see that KQ admits a smooth cover, proceed as follows. For any
integral regular paving S of Q, let K̃Q,S be the functor over Z[HS ] which
to any B → Spec(Z[HS ]) associates the set of sections of the base change of
OPS

(1) giving the base change of the standard family to B the structure of
an object of KQ(B). The functor K̃Q,S is representable by an open subspace
of the total space of the bundle OPS

(1). Furthermore, 2.1.26 shows that the
induced map K̃Q,S → KQ is smooth. Indeed it suffices to show that the map
is formally smooth which follows from the vanishing of H1 with coefficients
in L.

Since the collection of K̃Q,S as S varies covers KQ it follows that KQ is
an algebraic stack. In fact this also shows that KQ is quasi–compact.

Lemma 2.7.8 The stack KQ is proper.

Proof. It suffices to verify the valuative criterion for properness since we al-
ready know that the stack KQ is a quasi–compact algebraic stack with finite
diagonal [37, paragraph after 1.3]. In other words, given a discrete valuation
ring V with fraction field K, and a morphism η : Spec(K) → KQ, we wish
to show that there exists an extension Spec(V ) → KQ after possible making
an extension V → V ′. Furthermore, it suffices to prove this for morphisms η
whose image is contained in some dense open U ⊂ KQ (this also follows from
Chow’s lemma for Artin stacks [37] and the corresponding result for schemes).

We take for U the open substack of KQ classifying families all of whose
geometric fibers are irreducible. This is the same as the locus where the log
structure MKQ

is trivial, and by 2.4.2 the substack U ⊂ KQ is dense.
In this case, the valuative criterion essentially follows from [1, proof of

2.8.1]. We proceed with the notation of (loc. cit., proof of the case when the
generic fiber is geometrically irreducible). Let S be the paving of Q defined in
[1, 2.8.2] corresponding to the function gψ. We assume that the function gψ is
integer valued on X∩Q (this always holds after a finite extension of V ). Then
the extension of the family of the generic fiber is defined by the V –subalgebra
R ⊂ K[X] with generators πgψ(χ) ·1χ, where π ∈ V is a uniformizer, 1χ denotes
the basis element of K[X] defined by χ.

Recall that gψ : P → Z is obtained from a function g̃ψ : Q→ R by

gψ(p) = deg(p)g̃ψ(p/deg(p)). (2.7.8.1)

Furthermore, the function g̃ψ is convex so that

gψ(p+ q)/deg(p+ q) = g̃ψ((deg(p)/deg(p+ q)) · (p/deg(p))
+(deg(q)/deg(p+ q)) · (q/deg(q)))

≤ ((deg(p)/deg(p+ q)) · g̃ψ(p/deg(p)))
+((deg(q)/deg(p+ q)) · g̃ψ(q/deg(q)))

= (gψ(p)/deg(p+ q)) + (gψ(q)/deg(p+ q)).

Therefore



2.7 The stack KQ 61

gψ(p) + gψ(q)− gψ(p+ q) ∈ N. (2.7.8.2)

Define ρ : HS → V by

p ∗ q 7→ πgψ(p)+gψ(q)−gψ(p+q), (2.7.8.3)

and let λ : P oHS → R be the map sending

(p, h) 7→ ρ(h) · πgψ(p) · 1p. (2.7.8.4)

Then this defines an isomorphism

R ' Z[P oHS ]⊗Z[HS ] V (2.7.8.5)

of graded algebras compatible with the torus actions. Therefore the valuative
criterion holds and the lemma is shown. ut

2.7.9. The fully faithful functor KQ → T P fr[Q] is therefore also proper, and
hence a closed immersion. Since it contains the open substack of T P fr[Q] clas-
sifying objects with irreducible underlying space, the image of KQ in T P fr[Q]
is contained in the main irreducible component of T P fr[Q] (with the reduced
structure). Since KQ is also reduced this completes the proof of 2.7.3. ut





3

Moduli of principally polarized abelian
varieties

In this chapter we give a modular interpretation of the normalization of the
main component of Alexeev’s stack A Alex

g,1 . The results of this chapter will
be subsumed by the results of chapter 4, but we treat this case first as it is
technically simpler and essentially follows the outline of the preceding chapter
(and in particular at various points we make use of results of Alexeev).

3.1 The standard construction

3.1.1. Fix a lattice X isomorphic to Zr for some integer r, and let XR denote
X ⊗Z R.

A paving of XR is a set S of polytopes ω ∈ XR satisfying

(i) For any two elements ω, η ∈ S, the intersection ω ∩ η is also in S.
(ii) Any face of a polytope ω ∈ S is again in S.
(iii) View S as a category in which for ω, η ∈ S the set Hom(ω, η) is empty

unless ω ⊂ η in which case there exists a unique morphism ω → η. The
inclusions into Q then induce a set map lim−→ω∈S ω → Q which we require
to be an isomorphism.

(iv) For any bounded subset W ⊂ XR there exists only finitely many ω ∈ S
with W ∩ ω 6= ∅.

A paving S of XR is called integral if each ω ∈ S is an integral polytope in
XR. Following [1, 5.7.3], an integral paving S of XR is called regular if there
exists a non–homogeneous R–valued quadratic function a on X with positive
definite homogeneous part such that S is the set of domains of linearity of the
function defined by the lower envelope of the convex hull of the set

Ga := {(x, a(x))|x ∈ X}. (3.1.1.1)

A paving S of XR is called X–invariant if it is invariant under the translation
action of X.
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Lemma 3.1.2 A regular paving S of XR is X-invariant.

Proof. If y ∈ X, then the function

L(x) := a(x+ y)− a(x) (3.1.2.1)

is a linear function of x since a is a quadratic function. Therefore if a′ denotes
the quadratic function a(− + y) and if g′ : XR → R is the corresponding
piecewise linear function (whose graph is the lower envelope of Ga′) then
g′(x)− L(x) is a piecewise linear function on XR whose values on x ∈ X are
equal to a(x). It follows that if g denotes the piecewise linear function defined
by a (the lower envelope of Ga) then g = g′−L. Since L is linear this implies
that the domains of linearity of g and g′ are the same. ut

3.1.3. Let S be an integral regular paving of XR. Let P denote the integral
points of Cone(1, X) ⊂ X := Z⊕X. The group X acts on X by y ∈ X sending
(d, x) to (d, x+ dy). Define

ρ : P → lim−→
ω∈S

Cone(1, ω)gp (3.1.3.1)

to be the set map which sends p ∈ Cone(1, ω) to the corresponding element of
Cone(1, ω)gp, and let H̃S ⊂ lim−→ω∈S Cone(1, ω)gp be the submonoid generated
by elements p ∗ q := ρ(p) + ρ(q) − ρ(p + q) (p, q ∈ P ). The action of X on
X induces an action of X on H̃S , and we define HS to be the quotient of
H̃S by this action. For ωi ∈ S, let Ni ⊂ P denote the integral points of
Cone(1, ωi), and for p, q ∈ P let p ∗ q ∈ HS also denote the image of the
element p ∗ q ∈ H̃S . As in 2.1.5 one sees by elementary calculations that the
following formulas hold in H̃S :

Lemma 3.1.4 (i) p1 ∗ p2 = p2 ∗ p1.
(ii) p1 ∗ p2 + p3 ∗ (p1 + p2) = ρ(p1) + ρ(p2) + ρ(p3)− ρ(p1 + p2 + p3).
(iii) If p1, p2 ∈ Ni, then p1 ∗ p2 = 0.

3.1.5. As in 2.1.9 define PoHS to be the monoid with underlying set P×HS

and addition law given by

(p1, q1) + (p2, q2) := (p1 + p2, q1 + q2 + p1 ∗ p2). (3.1.5.1)

The formulas in 3.1.4 imply that this gives a well–defined commutative monoid
structure. A straightforward verification shows that in fact the monoid PoHS

is a commutative, integral, graded monoid (but not finitely generated) with
grading induced by the map

P oHS −−−−→ P
deg−−−−→ N. (3.1.5.2)

Lemma 3.1.6 The monoid HS is finitely generated.
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Proof. Define S̃C1(X≥0) to be the free monoid with generators pairs (
∑
χ̄i, χ),

where
∑
χ̄i ∈ ⊕ωi∈SNi and χ ∈ P such that the image of

∑
χ̄i under the

natural map
⊕Ni → P (3.1.6.1)

is equal to χ. Let SC1(X≥0)′ denote the quotient of S̃C1(X≥0) by the relations

(χ̄1, χ1) + (χ̄2, χ2) = (χ̄1 + χ̄2, χ1 + χ2) (3.1.6.2)

when χ1 and χ2 lie in the same cone, and let SC1(X≥0)′/B1 denote the quo-
tient of SC1(X≥0)′ by the relations

(χ1, χ2) + (χ̄0, χ1) = (χ̄0, χ2). (3.1.6.3)

Finally define SC1(X≥0)/B1 to be the quotient SC1(X≥0)′/B1 by the natural
X–action. By [1, 5.8.2], the monoid SC1(X≥0)/B1 is finitely generated.

For every ωi ∈ S, let ρi : Cone(1, ωi)gp → lim−→ωi∈S
Cone(1, ωi)gp be the

natural map. There is a map

S̃C1(X)→ lim−→
ωi∈S

Cone(1, ωi)gp (3.1.6.4)

sending (
∑
i χ̄i, χ) to (

∑
i ρi(χ̄i))− ρk(χ), where χ ∈ Nk. By the definition of

the relations 3.1.6.2 and 3.1.6.3 this map descends to a map

π : SC1(X≥0)′/B1 → lim−→
ωi∈S

Cone(1, ωi)gp (3.1.6.5)

Since any element p ∗ q ∈ H̃S is equal to the image of (p̄+ q̄, p+ q) the image
of π contains H̃S . In fact the image of π is equal to H̃S . This is shown by
induction as in the proof of 2.1.7 by noting that the image of an element

(
n∑
i=1

χ̄i,
∑
i

χi), (3.1.6.6)

under π is equal to the image of

(χ̄1 + χ̄2, χ1 + χ2) + (χ1 + χ2 + χ̄3 + · · ·+ χ̄n,
n∑
i=1

χi). (3.1.6.7)

Here we have ordered the submonoids Ni = Cone(1, ωi) ∩ (Z ⊕ X) in some
way and χi ∈ Ni. Taking the quotient by the X–action we therefore obtain a
surjection SC1(X≥0)/B1 → HS which implies the lemma since SC1(X≥0)/B1

is finitely generated. ut

Remark 3.1.7. In what follows we will only need the weaker result that Hsat
S

is finitely generated. This can be seen more directly as follows. Since Hsat
S is

saturated, it suffices to show that Hgp
S is a finitely generated group [35, 2.2.11].
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Since Hgp
S is equal to Z⊗Z[Y ]H̃

gp
S (where the map Z[Y ]→ Z sends all elements

of Y to 1), it suffices to show that H̃gp
S is finitely generated as a Z[Y ]–module.

This follows from noting that there is a short exact sequence

0→ H̃gp
S → lim−→Ngp

ω → P gp → 0, (3.1.7.1)

and lim−→Ngp
ω and P gp are immediately seen to be finitely generated Z[Y ]–

modules.

Lemma 3.1.8 The monoid HS is sharp (i.e. H∗
S = {0}).

Proof. Let a : X → R be a quadratic function with positive definite quadratic
part defining S, and let g̃ : XR → R be the piecewise linear function given by
the lower envelope of the convex hull of the set

Ga := {(x, a(x))|x ∈ X} ⊂ XR × R. (3.1.8.1)

Extend g̃ to a function g : P → R by the formula

g(p) := deg(p)g̃(p/deg(p)). (3.1.8.2)

By the definition of the paving associated to a, the restriction of g to each
Pω ⊂ P (where ω ∈ S) is a linear function, and for two elements p, q ∈ P
which do not lie in the same Pω we have

g(p) + g(q)− g(p+ q) > 0. (3.1.8.3)

The function g therefore defines a map

g : HS → R>0 (3.1.8.4)

sending the generators of HS to nonzero elements of R>0. Since the additive
monoid R>0 is torsion free this implies that HS is sharp. ut

Lemma 3.1.9 The morphism HS → PoHS is integral. In particular Hgp
S →

(P oHS)gp is injective with cokernel isomorphic to P gp ' X ⊗ Z.

Proof. This follows from the same argument proving 2.1.11. ut

3.1.10. Let B be a scheme and fix data as follows:

(i) An abelian scheme A/B;
(ii) An ample line bundle M on A defining a principal polarization A→ At;
(iii) A rigidification of M at 0 ∈ A;
(iv) A morphism of monoids β : HS → OB ;
(v) A homomorphism c : X → At ' A defining a semiabelian scheme G/B as

in 1.1.8;
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(vi) A trivialization ψ : X×B → c∗M−1 inducing a trivialization τ : B×X×
X → (c × c)∗B−1 compatible with the symmetric biextension structure
(where B denotes the Poincare bundle which we view as a bundle over
A×A using the principal polarization).

Define P oHS to be the monoid whose elements are (p, h) with p ∈ P and
h ∈ HS , and whose addition law is given by (p, h) + (p′, h′) = (p+ p′, h+h′ +
p ∗ p′) (where we also abusively write p ∗ p′ for the image of p ∗ p′ in HS). Let
R denote the quasi–coherent sheaf on A given by

R := ⊕(d,x)∈PM d ⊗ Lx. (3.1.10.1)

Since c is a homomorphism, for any x, y ∈ X there exists a unique isomorphism
of rigidified line bundles can : Lx ⊗ Ly ' Lx+y. Define an algebra structure
on R by defining multiplication using the maps

ρ((d, x)∗ (d′, y)) ·can : (M d⊗Lx)⊗ (M d′⊗Ly)→M d+d′⊗Lx+y. (3.1.10.2)

Note that locally on A, if we choose a trivialization of M and compatible
trivializations of the Lx, then R is isomorphic Z[P o HS ] ⊗Z[HS ] OA (where
Z[HS ] → OA is induced by the composite HS → OB → OA). The scheme
P̃ := ProjA(R) has a natural log structure MfP defined locally by the mor-
phism P oHS → Z[P oHS ]⊗Z[HS ] OA, and there is a canonical log smooth
morphism

(P̃,MfP)→ (B,MB), (3.1.10.3)

where MB is the log structure on B defined by the map HS → OB .

Lemma 3.1.11 The morphism 3.1.10.3 is log smooth an integral.

Proof. By the construction there exists after replacing P̃ by a smooth cover-
ing a smooth morphism

π : P̃ → B ×Spec(Z[HS ]) Spec(Z[P oHS ]) (3.1.11.1)

such that the log structure MfP is isomorphic to the pullback of the log struc-
ture on Spec(Z[P oHS ]) induced by the natural map P oHS → Z[P oHS ].
Combining 3.1.9, 1.3.11, and 1.3.9 we obtain the lemma. ut

3.1.12. It is sometimes useful to have an alternate description of the log
structure MC on the cone C = Spec

A
(R). Let s : C → A denote the projec-

tion. Then the log structure MC is the log structures associated to the prelog
structure which to any U → C associates the set of pairs ((d, x), v), where
(d, x) ∈ P and v is a trivialization of s∗(M d⊗Lx) over U . The mapMC → OC

sends ((d, x), v) to the image of v under the canonical map s∗(M d⊗Lx)→ OC .
We will often use this description as follows. Let λ : A → A denote an

automorphism of A (not necessarily compatible with the group structure)
and λ̃ : λ∗R → R an isomorphism induced by isomorphisms λ(d,x) : λ∗(M d⊗
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Lx) → (M d ⊗ Lx). Then the induced isomorphism λ̃ : C → C extends
canonically to an isomorphism of log schemes (C ,MC )→ (C ,MC ). Indeed the
log structure λ̃∗MC is associated to the prelog structure which to any U → C
associates the set of pairs ((d, x), v′), where (d, x) ∈ P and v′ ∈ s∗λ∗(M d ⊗
Lx), so the isomorphisms λ(d,x) induce isomorphisms of log structures.

Lemma 3.1.13 The log structure MfP is a fine log structure.

Proof. By construction, MfP is a quasi–coherent log structure in the sense of
[20, 2.1]. Hence it suffices to show that for any geometric point p̄ → P̃ the
monoid M fP,p̄

is a finitely generated monoid. For this note that there exists
a surjection P o HS → M fP,p̄

identifying M fP,p̄
with P o HS/F for some

face F ⊂ P oHS containing at least one element f of the form ((l, η), 0) with
(l, η) ∈ P . Let Q ⊂ P denote the submonoid generated by the cones over
simplices ω containing η/l ∈ XR. Then for any (d, x) ∈ P and h ∈ HS we
have

((d, x), h) +Nf = ((d+Nl, x+Nη), h+ (d, x) ∗ (Nl,Nη)). (3.1.13.1)

Now for N sufficiently big, (d + Nl, x + Nη) is in Q, and therefore the map
Q o HS → P o HS/F is surjective. Since Q is a finitely generated monoid,
and hence also QoHS , it follows that P oHS/F is finitely generated. ut

3.1.14. There is also a natural G–action on (P̃,MfP) over (B,MB). The
action g : (P̃,MfP) → (P̃,MfP) of a point g ∈ G(B) corresponding to a
point a ∈ A(B) and compatible isomorphisms ιg : t∗aLx → Lx is obtained
by locally on A choosing a trivialization of t∗aM ⊗M−1 and defining the
resulting map g∗ : t∗aR → R to be the one induced by the isomorphisms ιg.
The resulting morphism

A×a,A P̃ → P̃ (3.1.14.1)

is then independent of the choice of trivialization of t∗aM ⊗M−1 and hence
defined globally. Furthermore, the local description shows that it extends nat-
urally to a morphism of log schemes over (B,MB).

Let us verify that this really defines an action of G on (P̃,MfP) over
(B,MB). This amounts to the following:

Lemma 3.1.15 Let g′ ∈ G(B) be a second point. Then (g + g′)∗ = g′∗ ◦ g∗.

Proof. The point g (resp. g′) is given by a point a ∈ A(B) (resp. a′ ∈ A(B))
together with compatible isomorphisms εx : t∗aLx → Lx (resp. ε′x : t∗a′Lx →
Lx). The point g + g′ then corresponds to a+ a′ and the isomorphisms

ε′′ : t∗a+a′Lx ' t∗a′t∗aLx
t∗
a′ εx−−−−→ t∗a′Lx

ε′−−−−→ Lx. (3.1.15.1)

The composite g′∗ ◦ g∗ is given locally on A by choosing trivializations of M
and t∗a+a′M and then using the map of algebras over A
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t∗a′t
∗
a(⊕(d,x)Lx)

t∗
a′ ε−−−−→ t∗a′(⊕(d,x)Lx)

ε′−−−−→ ⊕(d,x)Lx. (3.1.15.2)

By the above description of g + g′ this agrees with (g + g′)∗. This shows the
result on the level of the underlying schemes. In fact, combining this with
3.1.12 this also shows that the two morphisms of log schemes are equal. ut

3.1.16. There is also an X–action on (P̃,MfP ,O fP(1)). Recall from 1.2.12
that ψ and τ define isomorphisms

ψ(y)dτ(y, x) : t∗y(M
d ⊗ Lx)→M d ⊗ Lx+dy. (3.1.16.1)

For y ∈ X define
T ∗y : t∗c(y)R → R (3.1.16.2)

to be the map obtained by taking the direct sum of the isomorphisms
ψ(y)dτ(y, x).

Lemma 3.1.17 The map 3.1.16.2 is an algebra homomorphism.

Proof. We have to show that the diagram

t∗c(y)(M
d ⊗ Lx)⊗ t∗c(y)(M

d′ ⊗ Lx′)
ρ((d,x)∗(d′,x′))can−−−−−−−−−−−−→ t∗c(y)(M

d+d′ ⊗ Lx+x′)??yψ(y)dτ(y,x)⊗ψ(y)d
′
τ(y,x′) ψ(y)d+d

′
τ(y,x+x′)

??y
(M d ⊗ Lx+dy)⊗ (M d′ ⊗ Lx′+d′y)

ρ((d,x+dy)∗(d′,x′+d′y))can−−−−−−−−−−−−−−−−−−→ M d+d′ ⊗ Lx+x′+(d+d′)y

(3.1.17.1)

commutes. Since ρ((d, x + dy) ∗ (d′, x′ + d′y)) is equal to ρ((d, x) ∗ (d′, x′))
(since HS is the quotient of H̃S by the X–action) this follows from (1.2.13
(iii)’). ut

3.1.18. Note that if locally on A we choose a trivialization of M and com-
patible trivializations of the Lx, then T ∗y is induced by the map

P oHS → (P oHS)⊕ O∗
A, ((d, x), h) 7→ (((d, x+ dy), h), ψ(y)dτ(y, x)).

(3.1.18.1)
It follows that the morphism Ty : P̃ → P̃ extends naturally to a mor-
phism of polarized log schemes Ty : (P̃,MfP ,O fP(1)) → (P̃,MfP ,O fP(1))
over (B,MB). Observe also that the map Ty : (P̃,MfP) → (P̃,MfP) de-
pends only on τ and not on the choice of ψ inducing τ . Indeed if ψ′ is a
second trivialization of c∗M−1 inducing τ , then ψ and ψ′ differ by a homo-
morphism X → Gm. To see this last statement, note that by the definition of
τ for any two element x, y ∈ X we have

ψ(x+ y)ψ(x)−1ψ(y)−1 = τ(x, y) = ψ′(x+ y)ψ′(x)−1ψ′(y)−1 (3.1.18.2)

as sections of M (x+y)⊗M (x)−1⊗M (y)−1. This formula implies that ψ/ψ′

is a homomorphism X → Gm.
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Lemma 3.1.19 For any y, y′ ∈ X the two morphisms

Ty+y′ , Ty′ ◦ Ty : (P̃,MfP ,O fP(1))→ (P̃,MfP ,O fP(1)) (3.1.19.1)

are equal.

Proof. Chasing through the definitions one finds that this is equivalent to
(1.2.13 (ii)’). ut

Lemma 3.1.20 The actions of G and X on the fine log scheme (P̃,MfP)
commute.

Proof. For a point g ∈ G(B) mapping to a ∈ A(B), the translation action
Sg : (P̃,MfP) → (P̃,MfP) is obtained from maps ixg : t∗aLx → Lx such that
ix+yg = ixg ⊗ iyg . It follows that the two maps

T ∗y ◦ S∗g , S∗g ◦ T ∗y : R → R (3.1.20.1)

locally differ by a scalar which implies the lemma (here we also use 3.1.12 to
see that the maps of log structures agree). ut

In fact we can say a bit more. On the polarized log scheme (P̃,MfP ,O fP(1))
there is both an action of X and an action of T = D(X).

Lemma 3.1.21 Let y ∈ X and u ∈ T (B) be sections, and Ty and Su the
resulting automorphisms of (P̃,MfP ,O fP(1)). Then

u(y) ◦ Su ◦ Ty = Ty ◦ Su, (3.1.21.1)

where Gm acts on (P̃,MfP ,O fP(1)) via multiplication on O fP(1).

Proof. The morphism Su ◦ Ty is induced by the maps

M d ⊗ Lx
u(x)−−−−→ M d ⊗ Lx

ψ(y)dτ(y,x)−−−−−−−−→ M d ⊗ Lx+dy, (3.1.21.2)

and Ty ◦ Su is given by

M d ⊗ Lx
ψ(y)dτ(y,x)−−−−−−−−→ M d ⊗ Lx+dy

u(x+y)−−−−−→ M d ⊗ Lx+dy. (3.1.21.3)

Since u(x+ y) = u(x)u(y) this implies the lemma. ut

3.1.22. Now assume that the image ofHS in OB is contained in the nilradical
of OB . Then as explained in [2, 3.17] the action of X on P̃ is properly discon-
tinuous, and hence we can form the quotient P := P̃/X. Furthermore, by
descent theory the log structure MfP and the invertible sheaf O fP(1) descend
to give a fine log structure MP on P and a polarization LP .

The result is a polarized fine log scheme with G–action
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(P,MP , LP , G–action)→ (B,MB). (3.1.22.1)

By 3.1.11 the morphism

(P,MP)→ (B,MB) (3.1.22.2)

is log smooth and integral. We refer to the data (G,MB ,P,MP , LP , G–action)
as a standard family over B.

Though many of the proofs involve this standard family, for technical
reasons it will be useful to consider a slight modification of the standard family.
Namely, let (Bsat,M sat

B ) denote the saturation of the log scheme (B,MB) ([19],
3.0.3), and let (PBsat ,M sat

P , LP) → (Spec(Bsat),M sat
B ) denote the polarized

log scheme obtained by base change (Spec(Bsat),M sat
B ) → (Spec(B),MB).

The group G still acts on (PBsat ,M sat
P , LP). We refer to the data

(G,M sat
B ,PBsat ,M sat

P , LP , G–action) (3.1.22.3)

as the saturation of a standard family.

Remark 3.1.23. There is a canonical section θ ∈ H0(P, LP). To give such
a section is equivalent to giving a section θ̃ ∈ H0(P̃,O fP(1))X . Such a section
can be written down explicitly [2, 3.22].

3.2 Automorphisms over a field

3.2.1. Let k be a field, and A/k an abelian variety with a rigidified line bundle
M defining a principal polarization on A. Let G/k be the semi–abelian variety
defined by a homomorphism c : X → At, for some latticeX. Let S be a regular
paving of XR, and let Mk be the log structure on Spec(k) associated to the
map HS → k sending all nonzero elements to 0. Assume given ψ and τ as in
3.1.10 giving rise to the standard family

(P,MP , LP , G–action)→ (Spec(k),Mk). (3.2.1.1)

Proposition 3.2.2. Let α : (P, LP)→ (P, LP) be an automorphism of the
underlying polarized scheme with G–action. Then there exists a unique pair
(αb, β), where β : Mk → Mk is an automorphism and αb : α∗MP → MP is
an isomorphism compatible with the G–action such that the diagram

α∗MP
αb−−−−→ MPx x

Mk
β−−−−→ Mk

(3.2.2.1)

commutes.
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Proof. We first consider the problem of finding (αb, β) compatible with the
T–action.

Let (P̃,MfP ,O fP(1)) be as in the construction of the standard model. By
[1, 4.3.1] there exists a unique automorphism α̃ of (P̃,O fP(1)) compatible
with the T and X–actions inducing α after taking the quotient by X (see also
section 4.3). Let π : P̃ → A denote the projection.

Lemma 3.2.3 There exists a unique automorphism ᾱ : A→ A such that the
diagram

P̃
α̃−−−−→ P̃

π

y yπ
A

ᾱ−−−−→ A

(3.2.3.1)

commutes.

Proof. The uniqueness is immediate since π is faithfully flat.
To prove existence, note first that the irreducible components Pi of P̃ are

given by the schemes ProjA(⊕(d,x)∈PiM
d⊗Lx), where Pi denotes the integral

points of Cone(1, ωi) for some top–dimensional simplex ωi ∈ S. Furthermore,
if the intersection of two components Pi and Pj is nonempty, then their
intersection is given by ProjA(⊕(d,x)∈PijM

d ⊗ Lx), where Pij denotes the
integral points of the cone over ωij := ωi ∩ ωj . In particular, for any two
irreducible components Pi and Pj of P̃ with Pi ∩Pj 6= ∅, the map Pi ∩
Pj → A is surjective. It therefore suffices to show that for any irreducible
component Pi of P̃ there exists a unique morphism ᾱ : A→ A such that the
diagram

Pi
α̃−−−−→ α̃(Pi)

π

y yπ
A

ᾱ−−−−→ A

(3.2.3.2)

commutes. For this note that if Ui ⊂ Pi is the maximal open subset on
which T acts faithfully, then A = [Ui/T ]. In fact locally over A, we have
Pi ' Spec(OA[Pi]) with Pi equal to the integral points of Cone(1, ωi) ⊂ XR
for some simplex ωi ∈ S, and Ui = SpecA(OA[P gpi ]). The open subset Ui

is also α̃–invariant since the automorphism α̃ commutes with the T–action.
The restriction of α̃ to Ui therefore defines a map ᾱ, and the diagram 3.2.3.2
commutes since Ui is dense in Pi and Pi is reduced. ut

By [28, 6.4], we can write ᾱ uniquely as ᾱ = h + ta, where h : A → A is
a homomorphism and a ∈ A(k) is a point. The obstruction to lifting a to a
point of G lies in H1(Spec(k)et, T ) which since k is a field is zero. Choose a
lifting ã ∈ G of a. Replacing α by ρ−ã ◦ α we may assume that a = 0 (here
ρ denotes the action of G on P̃). In this case ᾱ is a homomorphism and α is
induced by a map
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ᾱ∗(⊕(d,x)M
d ⊗ Lx)→ ⊕(d,x)M

d ⊗ Lx. (3.2.3.3)

The compatibility with the T–action further implies that this map is obtained
from the direct sum of isomorphisms α∗(d,x) : ᾱ∗(M d⊗Lx)→M d⊗Lx (look
at the eigenspaces in π∗(O fP(1))). Now since ᾱ∗(M d ⊗ Lx) and M d ⊗ Lx
are both rigidified at 0, giving such maps α∗(d,x) is equivalent to giving a set
map ρ : P → k∗. Furthermore, the compatibility with the algebra structure
implies that for every simplex ωi ∈ S the restriction of ρ to the integral points
of Cone(1, ωi) is linear. In other words, ρ is obtained from a homomorphism

ρ : lim−→
ω∈S

Cone(1, ω)gp → k∗. (3.2.3.4)

Let γ̃ : H̃S → k∗ be the map induced by restriction. The compatibility with
the X–action implies that ρ(d, x) = ρ(d, x+dy) for every x, y ∈ X and d ≥ 1.
This equation implies that γ̃ descends to a morphism γ : HS → k∗. Let β be
the automorphism of Mk induced by the map

HS → HS ⊕ k∗, h 7→ (h, γ(h)), (3.2.3.5)

and let αb : α∗MfP → MfP be the isomorphism of log structures obtained
from the maps α∗(d,x) and the description in 3.1.12 of the log structure MfP .
This proves existence of the pair (αb, β), except we still have to prove that αb

is compatible with the G–action.
So consider a point g ∈ G(B) with image a ∈ A(B) and the resulting two

isomorphisms
t∗g ◦ αb, αb ◦ t∗g : α∗t∗gMfP →MfP . (3.2.3.6)

Let σg be the automorphism (αb ◦ t∗g) ◦ (t∗g ◦αb)−1 of MfP . Observe that since
αb is compatible with the T–action the automorphism σg depends only on
a ∈ A(B) and not on the lifting g ∈ G(B) of a.

Let C denote the cone Spec
A
(R), and let C o denote the complement of the

vertex so that P̃ = [C o/Gm]. Let MC denote the natural log structure on C
giving locally over A by the map P → OA⊗Z[HS ] Z[PoHS ]. The restriction to
C o is canonically isomorphic to the pullback of MfP . The global chart defines
a surjection β : P o HS → MC , and it follows from the construction of σg
that the automorphism σ̃g : MC o → MC o is compatible with this map β.
From this and the compatibility with the Gm–action on C o, it follows that
the automorphism σg is induced by a homomorphism

ρg : P gp → Γ (C o,O∗
C o)Gm = Gm(B). (3.2.3.7)

The association g 7→ ρg is clearly compatible with base change B′ → B, and
hence induces a map of schemes G → Hom(P gp,Gm). Furthermore, as men-
tioned earlier the compatibility with the T–action implies that this morphism
descends to a morphism A→ Hom(P gp,Gm). Note that P gp is a direct limit of
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finitely generated free abelian groups, and hence Hom(P gp,Gm) is a projective
limit of tori. Since A is proper this implies that the map A→ Hom(P gp,Gm)
is constant. Since it sends 0 to the constant map 1 this implies that σg is the
identity for all g. This completes the proof of the existence of (αb, β).

To prove the uniqueness, it suffices to prove that there are no non–trivial
automorphisms of the log structure MfP compatible with the G–action. This
is because the map Mk →MfP is injective.

Let σ : MfP → MfP be an automorphism of the log structure compatible
with the G–action. We first show that σ̄ : M fP →M fP is the identity. Since σ
is compatible with the G–action, to prove that σ̄ is the identity it suffices to
show that σ̄ induces the identity over the fiber P̃0 of P̃ over 0 ∈ A. Note that
P̃0 ' Proj(k ⊗Z[HS ] Z[P oHS ]). We may also assume that k is algebraically
closed.

For ωi ∈ S, let Pi ⊂ P̃0 be the irreducible component Proj(k[Ni]) (where
Ni is the integral points of Cone(1, ωi)), and let Mi ⊂MfP0

|Pi be the sub–log
structure consisting of sections whose image in OPi

is nonzero. The log struc-
ture Mi is isomorphic to the standard log structure on Proj(k[Ni]) induced by
the map Ni → k[Ni]. In particular, the map Mi → OPi

is injective which im-
plies that σ|Mi is the identity. Denote by Ck the cone Spec(k⊗Z[HS ]Z[PoHS ]),
let Ci ⊂ Ck be the closed subscheme Spec(k[Ni]), and let C o

i ⊂ Ci denote the
complement of the vertex.

Lemma 3.2.4 The natural map

k∗ ⊕ (P oHS)gp → H0(C o
i ,M

gp
Pi
|C o
i
) (3.2.4.1)

is an isomorphism.

Proof. Denote by Qi the quotient Mgp
Pk
|C o
i
/Mgp

i so that there is an exact
sequence

0→Mgp
i →Mgp

Pk
|C o
i
→ Qi → 0. (3.2.4.2)

The quotient Qi is the constant sheaf associated to the abelian group (P o
HS)gp/Ngp

i . Consideration of the commutative diagram

0 // k∗ ⊕Ngp
i

//

��

k∗ ⊕ (P oHS)gp //

��

(P oHS)gp/Ngp
i

//

y

��

0

0 // H0(C o
i ,M

gp
i ) // H0(C o

i ,M
gp
Pk
|C o
i
) // H0(C o

i , Qi)
(3.2.4.3)

shows that it suffices to prove that H0(C o
i ,M

gp
i ) is equal to k∗ ⊕ Ngp

i (note
that the map labelled y is an isomorphism since C o

i is connected). This follows
from noting that there is an injection

H0(C o
i ,M

gp
i ) ↪→ H0(Spec(k[Ngp

i ]),O∗) = k∗ ⊕Ngp
i . (3.2.4.4)

ut
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Lemma 3.2.5 The natural map

k∗ ⊕ (P oHS)gp → H0(C o
k ,M

gp
C o
k
) (3.2.5.1)

is an isomorphism.

Proof. This is the same as in 2.2.4. Let W denote the set of top–dimensional
simplices of S, and choose an ordering of W . For an ordered subset i1 < i2 <
· · · < ir of W let

ji1···ir : Ci1···ir ↪→ Ck (3.2.5.2)

denote the intersection Ci1 ∩ · · · ∩ Cir . There is then a commutative diagram

0 0 0y y y
O∗

C o
k
−−−−→

∏
i ji∗O

∗
C o
i

−−−−→
∏
i<j jij∗O

∗
C o
ij

−−−−→ · · ·y y y
Mgp

C o
k
−−−−→

∏
i ji∗M

gp
Pk
|C o
i
−−−−→

∏
i<j jij∗M

gp
Pk
|C o
ij
−−−−→ · · ·y y y

M
gp

C o
k
−−−−→

∏
i ji∗M

gp

Pk
|C o
i
−−−−→

∏
i<j jij∗M

gp

Pk
|C o
ij
−−−−→ · · ·y y y

0 0 0.
(3.2.5.3)

By cohomological descent for proper morphisms the bottom row is exact [6,
VIII.9.4], and by [2, proof of 4.3] the top row is also exact in degrees ≤ 1. It
follows that the middle row is also exact in degrees ≤ 1 so

H0(C o
k ,M

gp
C o
k
) = Ker(

∏
i

H0(C o
i ,M

gp
Pk
|C o
i
)→

∏
i<j

H0(C o
ij ,M

gp
Pk
|C o
ij

)),

(3.2.5.4)
which by 3.2.4 shows that

H0(C o
k ,M

gp
C o
k
) = H0(XR, k

∗ ⊕ (P oHS)gp) = k∗ ⊕ (P oHS)gp, (3.2.5.5)

where XR is viewed as a topological space with the topology induced by that
on R. ut

3.2.6. It follows that for every simplex ωi ∈ S with corresponding closed
subscheme Ci ⊂ Ck

H0(C o
k ,M

gp
Ck

)→ H0(C o
i ,MCk |C o

i
) (3.2.6.1)

is an isomorphism. Since σ0 necessarily acts trivially on the sublog structure
MCi ⊂ MCk |C o

i
it follows that the automorphism of (P o HS)gp induced
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by σ0 by taking global sections acts trivially on the submonoid Ni ⊂ P for
every ωi ∈ S. Therefore for any p ∈ P we have σ0(p, 0) = (p, 0). Since HS is
generated by elements of the form p ∗ q it follows that σ0 defines the identity
automorphism of P oHS . Therefore σ0 is the identity, and hence σ̄ is also the
identity.

It follows that for every m ∈ P oHS there exists a unique element νm ∈
Γ (C o

k ,O
∗
C o
k
) such that σ(β(m)) = λ(νm) +β(m), where β : P oHS →MC o

k
is

the chart. Furthermore, νm is Gm–equivariant and hence lies in

Γ (C o
k ,O

∗
C o
k
)Gm = Γ (P̃,O∗fP) = k∗. (3.2.6.2)

It follows that σ is induced by a homomorphism ν : P o HS → k∗. Since σ
induces the identity on Mi ⊂ MP0 we also have ν(p, 0) = 1 for all p ∈ P .
From the formula

ν(p, 0)ν(q, 0) = ν(p+ q, 0)ν(0, p ∗ q) (3.2.6.3)

we conclude that ν also restricts to the identity on HS . From this it follows
that σ is the identity. This completes the proof of 3.2.2.
ut

Proposition 3.2.7. The statement of 3.2.2 remains true if we replace

(P,MP , LP , G–action)→ (Spec(k),Mk) (3.2.7.1)

by the saturation

(P,M sat
P , LP , G–action)→ (Spec(k),M sat

k ) (3.2.7.2)

in the statement of the proposition.

Proof. By the universal property of the saturation of a log structure, the pair
(αb, β) extends uniquely to compatible isomorphisms α∗M sat

P → M sat
P and

M sat
k →M sat

k extending α to an automorphism of the data

(M sat
k ,P,M sat

P , LP , G–action). (3.2.7.3)

Thus the only issue is the uniqueness. In other words, let ιsat : M sat
k →

M sat
k and σsat : M sat

P → M sat
P denote compatible automorphisms of the log

structures compatible with the G–action. We claim that ιsat and σsat are the
identity automorphisms. This follows from the same argument used in the
proof of 3.2.2. ut

3.3 Deformation theory

3.3.1. Let k be an infinite field, and B′ → B a surjection of artinian local
rings with residue field k such that the kernel J := Ker(B′ → B) is a finite
dimensional k–vector space.
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Let X be a free abelian group of rank r, and S a regular paving of XR.
Fix a homomorphism ρ : HS → B′ sending all nonzero elements of HS to
the nilradical of B, and let MB′ (resp. MB , Mk) be the induced log structure
on Spec(B′) (resp. Spec(B), Spec(k)). Let A/B be an abelian scheme over
B with a rigidified line bundle M defining a principal polarization, and let
c : X → At be a homomorphism defining a semiabelian scheme G/B. Also fix
a trivialization ψ : 1X → c∗M−1 as in 3.1.10, and let

(P,MP , LP , G–action)→ (Spec(B),MB) (3.3.1.1)

be the resulting standard family.
Let A′/B′ be a lifting of A to an abelian scheme over B′, and let c′ : X →

(A′)t be a morphism lifting c defining a semiabelian scheme G′/B′.

Definition 3.3.2. A log smooth deformation (P ′,MP′ , LP′ , G′–action) of
(P,MP , LP , G–action) to (Spec(B′),MB′) consists of the following data:

(i) A log smooth deformation (P ′,MP′)→ (Spec(B′),MB′) of (P,MP) in
the sense of [19, 8.1].

(ii) A lifting LP′ of the invertible sheaf LP to P ′.
(iii) An action of G′ on (P ′,MP′) over (Spec(B′),MB′) reducing to the given

action of G on (P,MP) over B.

Proposition 3.3.3. Let

(P ′,MP′ , LP′ , G′–action)/(B′,MB′) (3.3.3.1)

be a log smooth deformation of (P,MP , LP , G–action) to (Spec(B′),MB′).
Then there exists a unique lifting M ′ of the polarization M to A′, and a
unique lifting ψ′ : 1X → c′∗M ′−1 of ψ such that (P ′,MP′ , LP′ , G′–action)
is isomorphic as a log smooth deformation to the standard family constructed
using (A′,M ′) and ψ′.

Proof. Let T denote the torus corresponding to X. The deformation 3.3.3
defines a deformation (P ′,MP′ , LP′ , T–action) of (P,MP , LP , T–action)
simply by restricting the action to the torus. By [1, 4.3] giving this de-
formation (P ′,MP′ , LP′ , T–action) is equivalent to giving a deformation
(P̃ ′,MfP′ , LfP′ , T and X action) of (P̃,MfP , LfP , T and X action) to the log
scheme (Spec(B′),MB′), where now T also acts on the line bundle LfP′ such
that for u ∈ T and x ∈ X the actions satisfy the “Heisenberg relation”

T ∗uS
∗
x = u(x)S∗xT

∗
u . (3.3.3.2)

In fact the action of G′ on (P ′,MP′) lifts canonically to an action on
(P̃ ′,MfP′). This is because the morphism (P̃ ′,MfP′) → (P ′,MP′) is étale.
For then by the invariance of the étale site under infinitessimal thickenings to
lift the action it suffices to do so after base change to B. But by the construc-
tion of the standard model there is a lifting of the G–action on (P,MP) to
(P̃,MfP).
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Lemma 3.3.4 Let f : P̃ → A denote the projection. Then the natural map
OA → Rf∗O fP is an isomorphism in the derived category D(OA).

Proof. Since A is flat over B, and f is a flat morphism, a standard induction
on the length of B reduces the proof to the case of B = k.

If U ⊂ A is an open set over which M is trivial and there exists compatible
trivializations of the Lx, then

P̃ ×A U ' Proj(k ⊗Z[HS ] Z[P oHS ])×Spec(B) U. (3.3.4.1)

In this case the cohomology can be computed as follows. For a top–dimensional
simplex ωi ∈ S let ji : Pi ⊂ P̃ be the irreducible component corresponding to
ωi. Choose an ordering of the top–dimensional simplices, and for i1 < · · · < ir
let Pi1i2···ir denote the intersection Pi1 ∩ · · · ∩Pir . Then, as shown in [2,
proof of 4.3], the natural map of complexes

O fP → (
∏
i

ji∗OPi
→

∏
i,j

jij∗OPij
→ · · · ) (3.3.4.2)

is a quasi–isomorphism. Since each Pi1···ir is a projective toric variety over
U the sheaves Rkf∗OPi1···ir

are zero for k > 0. This implies that Rf∗O fP is
computed by the complex

(
∏
i

ji∗f∗OPi
→

∏
i,j

jij∗f∗OPij
→ · · · ) = (

∏
i

OA →
∏
i,j

OA → · · · ).

(3.3.4.3)
This computation shows that Rif∗O eP is locally on A isomorphic to the sin-
gular cohomology with coefficients in Γ (A,OA)) Hi(XR, Γ (A,OA)). Since XR
is contractible this proves the lemma. ut

In fact the proof shows the following:

Corollary 3.3.5 For any i ≥ 0, the formation of Rif∗O fP commutes with
arbitrary base change on A, and these sheaves are zero for i > 0.

Using the method of the lemma we also obtain:

Corollary 3.3.6 There is a canonical isomorphism M → f∗O fP(1)T (invari-
ants under the torus action).

Proof. There is a natural map of sheaves M → ⊕(d,x)∈PM d ⊗ Lx obtained
from the isomorphism M ' M ⊗ L0 and this map induces a morphism ε :
M → f∗O fP(1)T . To check that this morphism is an isomorphism we may
work locally on A where we choose a trivialization of M and compatible
trivializations of the Lx. For a simplex ωi ∈ S, let N (1)

i denote the elements
of degree 1 in the monoid of integral elements in Cone(1, ωi). Then as in the
proof of 3.3.4 one sees that Rf∗O fP(1) can be represented by the complex
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(
∏
i

(⊕
n∈N(1)

i
OA · n)→

∏
i,j

(⊕
n∈N(1)

ij
OA · n)→ · · · ). (3.3.6.1)

An element χ ∈ T acts on
∏
i(⊕n∈N(1)

i
OA · n) by n 7→ χ(n) · n. From

this it follows that the only nonzero components of an invariant section of∏
i(⊕n∈N(1)

i
OA · n) are the components with n = (1, 0). From this the corol-

lary follows. ut

Corollary 3.3.7 For any i > 0 the sheaf Rif∗O fP(1) is zero.

Proof. We have to show that 3.3.6.1 has no higher cohomology. For this note
that the entire complex decomposes into eigenspaces according to the T -
action. Let (1, x) ∈ P be an element and let σ0 be the minimal cell containing
x. Then the complex obtain from the x-eigenspaces in 3.3.6.1 computes the
cellular cohomology of the set

σ̂0 := ∪σ0⊂ω∈Sω ⊂ XR. (3.3.7.1)

The corollary then follows from [2, 1.5 (v)] which implies that the topological
space σ̂0 is contractible (in fact σ̂0 is the so-called dual Voronoi cell). ut

3.3.8. The vanishing of R1f∗O fP implies that the sequence

0→ J ⊗B f∗O fP → f∗O fP′ → f∗O fP → 0 (3.3.8.1)

is exact. Therefore Z ′ := (|A|, f∗O fP′) is a flat deformation of A to B′, where
|A| denotes the underlying topological space and O fP′ is viewed as a sheaf
of rings on |P̃|. There is also a natural action of G′ on Z ′ reducing to the
translation action on A. For a section g ∈ G′(B′) we have a commutative
diagram

|P̃ ′| tg−−−−→ |P̃ ′|

f

y yf
|A| tg−−−−→ |A|,

(3.3.8.2)

and an isomorphism t−1
g O fP′ → O fP′ . This defines the action of g on Z ′.

Furthermore, the same analysis applies after making any flat extension of B′.
Since G′ is smooth over B′ and Z ′ is flat over B′, a morphism G′×Z ′ → Z ′ is
determined by its scheme valued points on flat B′–schemes (Yoneda’s lemma
applied to the category of flat B′–schemes). Hence the above construction
defines an action of G′ on Z ′.

Lemma 3.3.9 The action of G′ on Z ′ factors through A′.

Proof. It suffices to show that T acts trivially on f∗O fP′ . This follows from
observing that the action of T on J ⊗B f∗O fP and f∗O fP is trivial, and hence
since T is reductive the torus T must also act trivially on the middle term of
3.3.8.1. ut
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Since Z ′ with its A′–action is a flat deformation of the trivial A–torsor, the
action of A′ on Z ′ must also be torsorial. Chosing a lifting of the origin in A
to Z ′ we can therefore identity Z ′ with A′. We therefore obtain a deformation
f ′ : P̃ ′ → A′ of f compatible with the G′–actions.

For x ∈ X, let L′x denote the rigidified invertible sheaf on A′ corresponding
to c′(x). The same formula used in 3.1.10.2 defines an algebra structure on
⊕(d,x)L

′
x, and we let P̃ ′′ denote ProjA′(⊕(d,x)L

′
x). The arguments of 3.1.16–

3.1.20 define a G′–action on P̃ ′′. Note that for any invertible sheaf M ′ on
A′ we have P̃ ′′ ' ProjA′(⊕(d,x)M

′d⊗Lx) (though the tautological invertible
sheaves are different).

Let P̃ ′
0 and P̃ ′′

0 denote the fibers over 0 ∈ A′.

Lemma 3.3.10 There exists an isomorphism of log smooth deformations of
(P̃0,MfP0

)

σ : (P̃ ′
0,MfP′

0
)→ (P̃ ′′

0 ,MfP′′
0
) (3.3.10.1)

compatible with the torus actions.

Proof. First note that the log tangent sheaf T
( fP,M fP)/(B,MB)

is isomorphic
to O fP ⊗Z Hom(X,Z). This can be seen as follows. Let CB = Spec(B ⊗Z[HS ]

Z[P oHS ]) be the cone so that P̃ = [C o
B/Gm], where C o

B is the complement
of the vertex. By [20, 1.8], the chart P oHS →MCB induces an isomorphism

d log : OC o
B
⊗Z P

gp ' Ω1
(C o
B ,MCo

B
)/(B,MB). (3.3.10.2)

Furthermore, the action of Gm on Ω1
(C o
B ,MCo

B
)/(B,MB) is induced from the

standard action on OC o
B

and the trivial action on P gp. The differentials Ω1
C o
B/

fP
admit a similar description. For any scheme W and Gm–torsor Q→W , there
is a canonical generator d log(u) of Ω1

Q/W . This can be seen as follows. Write
Gm as Spec(Z[u±]). Then the section d log(u) = du/u ∈ Ω1

Gm/Z is invariant
under the translation action. Hence it induces a generator of Ω1

Q/W by locally
on W choosing a trivialization of Q and pulling back d log(u). The translation
invariance then implies that this is independent of the choice of trivialization
and hence defined globally.

It follows from the construction of the isomorphism 3.3.10.2 that the map

Ω1
(C o
B ,MCo

B
)/(B,MB) → Ω1

C o
B/

fP (3.3.10.3)

sends d log(1⊗p) to deg(p)·d log(u). In other words, the morphism 3.3.10.3 can
be identified with the morphism obtained by tensoring the map deg : P gp → Z
with OC o

B
. Since the kernel of this degree map is isomorphic to X, this yields

an isomorphism between Ω1
( fP,M fP)/(B,MB)

|C o
B

and OC o
B
⊗Z X. Furthermore,
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the Gm–action is simply that induced by the action on OC o
B
. By descent theory

we therefore obtain an isomorphism Ω1
( fP,M fP)/(B,MB)

' O fP ⊗Z X.

Combining this with 3.3.5 we see that

H1(P̃0, T( fP0,M fP0
)/(B,MB)

) = 0. (3.3.10.4)

By [20, 3.14] it therefore follows that there exists an isomorphism 3.3.10.1 of
log smooth deformations of (P̃0,MfP0

) which may or may not respect the
torus actions. Furthermore, standard deformation theory [3, p. 69] shows that
the deformations of the line bundle O fP(1) to P̃ ′

0 are naturally a torsor under
H1(P̃0, k ⊗B O fP0

) which is zero by 3.3.5. Thus the isomorphism σ extends
to an isomorphism of polarized log schemes.

The only issue that remains is the torus action. In what follows we therefore
assume that (P̃ ′′

0 ,MfP′′
0
,O fP′′

0
(1)) and (P̃ ′

0,MfP′
0
, LfP′

0
) have been identified.

Let CB′ denote the cone over P̃ ′
0 which comes equipped with an action of the

torus D(X), and let j : C o
B′ ↪→ CB′ denote the complement of the vertex.

Sub-Lemma 3.3.11 The natural map H0(CB′ ,OCB′ ) → H0(C o
B′ ,OC o

B′
) is

an isomorphism.

Proof. Let Ck denote the reduction to k of CB′ . The short exact sequence of
sheaves

0→ J ⊗ OCk → OCB′ → OCB → 0 (3.3.11.1)

induces a commutative diagram

0 // J ⊗H0(Ck,OCk) //

��

H0(CB′ ,OCB′ ) //

��

H0(CB ,OCB ) //

��

0

0 // J ⊗H0(C o
k ,OC o

k
) // H0(C o

B′ ,OC o
B′

) // H0(C o
B ,OC o

B
)

(3.3.11.2)
where the top row is exact since Ck is affine. It follows that it suffices to prove
the result for Ck and CB . By induction on the integer n such that rad(B)n = 0
we are thus reduced to the case when B′ = k.

For simplicity write simply C for Ck etc. For each top–dimensional simplex
ωi ∈ S write Ci for Spec(k[Ni]) ⊂ C , where Ni denotes the integral points
of Cone(1, ωi). For two simplices ωi, ωj ∈ S let Cij denote the intersection
Ci ∩ Cj , and write ji : Ci ↪→ C and jij : Cij ↪→ C for the inclusions. Choose
any ordering of the top–dimensional simplices of S. Then the same argument
used in the proof of [1, 2.5.5] shows that

OC ' Ker(
∏
i

ji∗OCi →
∏
i<j

jij∗OCij ), (3.3.11.3)
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where the map is obtained by taking the difference of the restriction maps.
From this we obtain a commutative diagram

H0(C ,OC ) −−−−→
∏
iH

0(Ci,OCi) −−−−→
∏
i<j H

0(Cij ,OCij )

a

y yb yc
H0(C o,OC o) −−−−→

∏
iH

0(C o
i ,OC o

i
) −−−−→

∏
i<j H

0(C o
ij ,OC o

ij
).

(3.3.11.4)
Since each Ci is a normal scheme of dimension ≥ 2 the morphisms b and c are
isomorphisms. This implies that a is also an isomorphism. ut

Returning to the proof of 3.3.10, we assume given an action τ of D(X) on
the log scheme (C o

B′ ,MC o
B′

) reducing to the standard action over B and with
Gm ⊂ D(X) acting in the usual way. We have to show that there exists an
infinitesimal automorphism of (C o

B′ ,MC o
B′

) compatible with the Gm–action
taking τ to the standard action.

This is essentially the same as in 2.3. Let u ∈ D(X)(B′) be a section, and
let τu be the automorphism of (C o

B′ ,MC o
B′

) defined by τ . Since τu reduces to
the standard action modulo J , the automorphism τu is compatible with the
map P oHS → MC o

B′
defined by the chart β : P oHS → MC o

B′
. Therefore,

there exists a homomorphism

ν : P gp → H0(C o
B′ ,O

∗
C o
B′

) = (B′ ⊗Z[HS ] Z[P oHS ])∗, (3.3.11.5)

where for the right equality we use 3.3.11, such that

τu(β(p, h)) = λ(νp) + β(p, h) (3.3.11.6)

for all (p, h) ∈ P oHS . Viewing B′ ⊗Z[HS ] Z[P oHS ] as a free B′–module on
P as in 2.1.33, write

νp = u(p)(1 +
∑
χ∈P

guχ(p)) (3.3.11.7)

with guχ(p) ∈ J · χ.

Sub-Lemma 3.3.12 (i) For any χ ∈ P with u(χ) 6= 1, the element

hχ(p) := guχ(p)(u(χ)− 1)−1 ∈ J · χ̃ (3.3.12.1)

is independent of the choice of u, and the map p 7→ 1 +
∑
χ∈P hχ(p) ∈

Γ (CB′ ,O∗
CB′

) is a homomorphism.
(ii) For any section u ∈ D(P gp)(B′) we have

(u(χ)− 1)hχ(p) = guχ(p), (3.3.12.2)

where hχ(p) is defined as in (i) using any other section of D(P pg)(B′) not
mapping to 1 in D(P gp)(k).
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Proof. The proof is the same as the proof of 2.3.8. ut

This sub-lemma completes the proof of 3.3.10 because the infinitesimal auto-
morphism of (CB′ ,MCB′ ) defined by

P oHS → Γ (CB′ ,O∗
CB′

)⊕ (P oHS), (p, h) 7→ (1 +
∑
χ

hχ(p), (p, h)),

(3.3.12.3)
transforms the action τ into the standard action of D(X). ut

Lemma 3.3.13 There exists an isomorphism of log smooth deformations of
(P̃,MfP)

σ : (P̃ ′,MfP′)→ (P̃ ′′,MfP′′) (3.3.13.1)

compatible with the G–actions.

Proof. It suffices to construct for every scheme–valued point a : W → A an
isomorphism

σa : (P̃ ′,MfP′)×A,aW → (P̃ ′′,MfP′′)×A,aW. (3.3.13.2)

For this choose (after possibly replacing W by an étale cover) a lifting ã ∈
G(W ) of a, and let

σ0 : (P̃ ′,MfP′)×A,0 W → (P̃ ′′,MfP′′)×A,0 W (3.3.13.3)

be an isomorphism as in 3.3.10 (in particular σ0 is compatible with the torus
action). Define σa to be the unique isomorphism making the following diagram
commute:

(P̃ ′,MfP′)×A,0 W
σ0−−−−→ (P̃ ′′,MfP′′)×A,0 W

t′ã

y yt′′ã
(P̃ ′,MfP′)×A,aW

σa−−−−→ (P̃ ′′,MfP′′)×A,aW,

(3.3.13.4)

where t′ã and t′′ã denote the actions of G. Note that since σ0 is compatible
with the T–actions this does not depend on the choice of ã. We thus obtain
the isomorphism σ. ut

Fix such an isomorphism σ.

Lemma 3.3.14 The sequence

0→ J ⊗ (f∗LfPk
)T → (f ′∗LfP′)T → (f∗LfP)T → 0 (3.3.14.1)

is exact. In particular, by 3.3.6 the sheaf M ′ := (f ′∗LfP′)T is a deformation
of M to A′.
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Proof. By 3.3.7 we have an exact sequence

0→ J ⊗ (f∗LfPk
)→ (f ′∗LfP′)→ (f∗LfP)→ 0 (3.3.14.2)

of sheaves with T–action on A. Let D denote this category of sheaves of OA–
modules on Aet with action of T . The category D is an abelian category with
enough injectives and there is a left exact functor

I : D → (OA-modules), F 7→ FT (3.3.14.3)

which takes the T–invariants. To prove the lemma it suffices to show that
R1I(f∗LfPk

) = 0. Since T is a diagonalizable group, it is well-known that the
restriction of I to the full subcategory Dqcoh of quasi-coherent OA-modules is
an exact functor, and that in fact the category Dqcoh is semisimple. For a finite
subset ∆ ⊂ S let P̃∆ ⊂ P̃k denote the closed subscheme whose components
correspond to the simplices ω ∈ ∆. Then each P̃∆ is of finite type and T–
invariant. We then have an isomorphism of sheaves with T–action

f∗LfPk
= lim←−
∆⊂S

f∗LfP∆
, (3.3.14.4)

and each f∗LfP∆
∈ Dqcoh. The character decompositions of the f∗LfP∆

then
give a decomposition f∗LfPk

=
∏
χ Fχ where Fχ is of rank 1. To prove the

lemma it then suffices to show that R1I(Fχ) = 0 for all χ which is immediate.
ut

3.3.15. It follows that LfP′′ ⊗M ′ and L†fP′′ := σ∗LfP′ are two deformations
of O fP(1).

By 3.3.4, for an integer i the natural map

Hi(Ak,OAk)→ Hi(P̃k,O fPk
) (3.3.15.1)

is an isomorphism. Furthermore, the set of liftings of M form a torsor under
H1(Ak,OAk) ⊗ J . Let o ∈ H1(P̃k,O fPk

) ⊗ J denote the class corresponding

to [LfP′′ ⊗M ′]− [L†fP′′ ]. Viewing this class as an element of H1(Ak,OAk)⊗ J
we see that after replacing M ′ by another lifting we can force o = 0 (and
the choice of lifting M ′ is unique with this property). It follows that then
(P̃ ′,MfP′ , LfP′) is isomorphic to the standard construction using (A′,M ′).

It remains to show that the X–action on (P̃ ′,MfP′ , LfP′) is obtained from
a deformation of ψ. Let y ∈ X be an element, and let Sy : (P̃ ′,MfP′ , LfP′)→
(P̃ ′,MfP′ , LfP′) be the action. Let c′t : X → A′ denote the composite

X
c′−−−−→ A′t

λ−1
M′−−−−→ A′.

(3.3.15.2)
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Lemma 3.3.16 The diagram

P̃ ′ Sy−−−−→ P̃ ′

f ′
y yf ′
A′

tc′t(y)−−−−→ A′

(3.3.16.1)

commutes.

Proof. First note that there exists a morphism ρy : A′ → A′ such that the
diagram

P̃ ′ Sy−−−−→ P̃ ′

f ′
y yf ′
A′

ρy−−−−→ A′

(3.3.16.2)

commutes. Indeed f ′ ◦ Sy is given by a map (of sheaves on the topological
space underlying A)

OA′ → f ′∗ ◦ Sy∗O fP′ = tct(y)∗ ◦ f ′∗O fP′ = tct(y)∗OA′ , (3.3.16.3)

so this defines ρy. By [28, 6.4] we can write ρy uniquely as h + tα(y), where
h : A′ → A′ is a homomorphism and α(y) ∈ A′(B′). Since h reduces to the
identity over B this implies that h is the identity [28, 6.1]. Therefore ρy = tα(y)

for some α(y) ∈ A′(B′). We thus obtain a homomorphism

α : X → A′(B′) (3.3.16.4)

by sending α to α(y). We claim that α = (ct)′. Unwinding the definitions this
amounts to saying that Lc′(y) is isomorphic to (ρ∗yM

′)⊗M ′−1, or equivalently
ρ∗yM

′ ' Lc′(y) ⊗M ′. This follows from noting that the relation (see 3.1.21)

u(y)T ∗uS
∗
y = S∗yT

∗
u (3.3.16.5)

for a section u ∈ T implies that

ρ∗yM
′ = ρ−1

y (f ′∗LfP′)0 ' (f ′∗LfP′)y ' Lc′(y) ⊗M ′, (3.3.16.6)

where for χ : T → Gm we write (f ′∗LfP′)χ for the χ-eigenspace for the T–
action. ut

3.3.17. It follows that the X–action on the log scheme (P̃ ′,MfP′) is induced
by isomorphisms

ι(d,x)y : t∗ct(y)(M
′d ⊗ Lc′(x))→M ′d ⊗ Lc′(x+dy). (3.3.17.1)

As explained in 1.2.12 giving such isomorphisms is equivalent to giving for
every d ≥ 1 and x, y ∈ X a trivialization of M ′(y)d ⊗B′

(c′(y),c′(x)), where B′
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denotes the Poincare bundle over A′×A′t. Define ψ′ to be the trivialization of
c∗M−1 obtained by taking d = 1 and x = 0 (note that for any a′ ∈ A the line
B′

(a′,0) is canonically trivialized). The fact that the isomorphisms ι(d,x)y are
compatible with the monoid law on the log structure then amounts precisely
to the commutativity of the diagram (1.2.13 (iii)’), and the fact that it is an
action is equivalent to (1.2.13 (ii)’). Therefore the trivialization of (c× c)∗B
defined by ψ′ is compatible with the symmetric biextension structure. This
completes the proof of 3.3.3.
ut

Remark 3.3.18. The above computations can also be used to compute the
cohomology groups Hi(P, LdP) (see [2, 4.4]). The conclusion is that for any
integer d ≥ 1 the groups Hi(P,L d

P) are zero for i > 0 and H0(P, LdP) has
rank dg (where g is the dimension of G).

3.3.19. From the data

(G,P, LP , G− action) (3.3.19.1)

we can recover the paving S, the map c : X → At, as well as the map
λM : A→ At.

Indeed by the equivalence of categories in [1, 4.3.1] (see also the discussion
in 4.3) we obtain the X-torsor π : P̃ → P and the line bundle O fP(1) =
π∗LP together with the lifting of the TX -action to (P̃,O fP(1)). In fact we
can also recover the G-action on P̃. Indeed a lifting of the G-action on P to
an action on P̃ is unique. Indeed if ρ̃1, ρ̃2 are two liftings of the G-action on
ρ then for any g ∈ G the two maps

ρ1(g), ρ2(g) : P̃ → P̃ (3.3.19.2)

define an automorphism of P̃ over P which commutes with the X-action. In
this way we obtain a morphism of schemes

G→ X (3.3.19.3)

which must be constant since G is connected. Therefore ρ1 = ρ2.
In this way we recover (P̃,O fP(1), G− action) from 3.3.19.1. The projec-

tion
f : P̃ → A (3.3.19.4)

can also be recovered from this, up to translation by a point of A. Indeed
suppose

f1, f2 : P̃ → A (3.3.19.5)

are two surjections which commute with the G-actions (where G acts on A by
translation through the projection G → A). By the construction, for ω ∈ S
let Pω denote the integral points of Cone(1, ω) and let
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P̃ω = ProjA(OA ⊗Z[HS ] Z[Pω oHS ]) ⊂ P̃. (3.3.19.6)

Let X1 ⊂ X denote the integral points of the subgroup of XR generated by
ω. Then the TX -action on P̃ω factors through TX1 , and there exists a dense
open subset Uω ⊂ P̃ω where the action is free. Furthermore the G-action on
P̃ω gives the quotient U /TX1 the structure of an A-torsor. It follows that
the two restrictions

f1, f2 : P̃ω → A (3.3.19.7)

differ by an element aω ∈ A(B) as they are determined by the two maps of
A-torsors

f1, f2 : U /TX1 → A. (3.3.19.8)

In this way we obtain a mapping

S → A(B), ω 7→ aω (3.3.19.9)

with the property that if ω′ ⊂ ω then aω = aω′ . Since XR is connected it
follows that all the aω’s are equal and hence f1 and f2 differ globally by
translation by an element of a ∈ A.

Fix one map f : P̃ → A commuting with the G-action. Let M ′ denote
the subsheaf of TX -invariants in f∗O fP(1). If f happens to agree with the map
used in the standard construction then M ′ is equal to the sheaf M by 3.3.6.
In general M ′ = M ⊗ La for some element a ∈ A. In particular, we recover
the map

λM : A→ At. (3.3.19.10)

We also obtain the map ct : X → A (and hence also the map c : X → At) by
defining ct(x) to be the unique element such that the diagram

P̃
tx−−−−→ P̃y y

A
tct(x)−−−−→ A.

(3.3.19.11)

For (d, x) ∈ P let L(d,x) denote the x-eigenspace of the sheaf

f∗O fP(d) (3.3.19.12)

We then obtain the paving S by declaring that two rational points x/d and
y/s line in the same ω if and only if the map of invertible sheaves

L(d,x) ⊗ L(s,y) → L(d+s,x+s) (3.3.19.13)

is an isomorphism.
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3.4 Isomorphisms over Artinian local rings

3.4.1. Let B be an artinian local ring with residue field k, X a group iso-
morphic to Zr, and (A,M )/B an abelian scheme with a line bundle defining
a principal polarization. Let S be an integral regular paving of XR and let
c : X → At be a homomorphism defining a semi–abelian scheme G/B. Let
ψ,ψ′ : 1X → c∗M−1 be two trivializations inducing trivializations τ and τ ′

of (c× c)∗B which are compatible with the symmetric biextension structure.
Also fix two maps ρ, ρ′ : HS → B and let

(MB ,P,MP , LP , G–action) and (M ′
B ,P

′,MP′ , LP′ , G–action) (3.4.1.1)

be the resulting two collections of data obtained from the standard construc-
tion.

Let Isom denote the set of pairs (ι, σ), where ι : M ′
B →MB is an isomor-

phism of log structure on Spec(B) and σ : (P,MP , LP)→ (P ′,MP′ , LP′)
is an isomorphism of polarized log schemes over the morphism

(id, ι) : (Spec(B),MB)→ (Spec(B),M ′
B) (3.4.1.2)

compatible with the G–actions. Define Isom′ to be the set of isomorphisms
γ : (P, LP) → (P ′, LP′) of polarized schemes over B compatible with the
G–actions.

Proposition 3.4.2. The forgetful map Isom→ Isom′ is bijective.

Proof. Let

(MB , P̃, LfP , G and X action) and (M ′
B , P̃

′,MfP′ , LfP′ , G and X action)
(3.4.2.1)

be the polarized log schemes obtained from the standard construction before
taking the quotient by the X–action. By [1, 4.3.1], it suffices to show that any
isomorphism

γ : (P̃, LfP)→ (P̃ ′, LfP′) (3.4.2.2)

compatible with the G and X actions extends uniquely to an isomorphism

(MB , P̃, LfP , G and X action)y(ι,σ)

(M ′
B , P̃

′,MfP′ , LfP′ , G and X action).

(3.4.2.3)

Let f : P̃ → A and f ′ : P̃ ′ → A be the projections.

Lemma 3.4.3 There exists a unique automorphism of schemes γ̄ : A → A
such that the diagram



3.4 Isomorphisms over Artinian local rings 89

P̃
γ−−−−→ P̃ ′

f

y yf ′
A

γ̄−−−−→ A

(3.4.3.1)

commutes.

Proof. The morphisms f and f ′ can be constructed more intrinsically as fol-
lows. Let us explain how to get the morphism f in a canonical manner. Con-
sider first the case when B is equal to a field k (this case was essentially done
in the proof of 3.2.3), and for a simplex ωi ∈ S let Pi ⊂ P̃ denote the closed
subscheme ProjA(⊕(d,x)∈Cone(1,ωi)M

d ⊗ Lx). Let Ui ⊂ Pi denote the max-
imal open subscheme where the torus T acts faithfully. Then the projection
identifies A with [Ui/T ], and the projection Ui → [Ui/T ] extends uniquely to
a morphism Pi → [Ui/T ]. It follows in particular that if γ sends Pi to P ′

i,
then there exists a unique morphism γ̄i : A→ A such that the diagram

Pi
γ−−−−→ P ′

iy y
A

γ̄i−−−−→ A

(3.4.3.2)

commutes. Furthermore, if Pi and Pj have non–empty intersection, then the
map Pi ∩Pj → A is also surjective which implies that γ̄i and γ̄j are equal.
Since XR is connected it follows that all the morphisms γ̄i are equal. This
proves the case when B is a field.

For the general case, note that the case of a field gives a commutative
diagram of topological spaces

|P̃| γ−−−−→ |P̃ ′|

f

y yf ′
|A| γ̄−−−−→ |A|,

(3.4.3.3)

and hence it suffices to define the map OA → γ̄∗OA. For this note that by
3.3.4 we have f∗O fP′ = OA and f∗O fP′ = OA, so we can take the map

OA = f ′∗O fP′
γ−−−−→ f ′∗γ∗O fP = γ̄∗OA. (3.4.3.4)

ut

Lemma 3.4.4 The morphism γ̄ : A → A is translation by an element α ∈
A(B).

Proof. The morphism γ̄ is compatible with the translation action of A. Since
any morphism of A–torsors is given by translation this implies the lemma. ut
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After replacing γ by the composite of γ with the action of −α, we may there-
fore assume that γ̄ is the identity.

Since the morphism γ is compatible with the torus action, we get that in
this case γ is induced by a morphism of sheaves of algebras

γ̄∗ : ⊕(d,x)∈PM d ⊗ Lx → ⊕(d,x)∈PM d ⊗ Lx. (3.4.4.1)

obtained as the direct sum of isomorphisms ρ(d, x) : M d ⊗ Lx → M d ⊗ Lx.
These isomorphisms define a set map ρ : P → B∗ such that for every ωi ∈ S
the restriction of ρ to the integral points Ni of Cone(1, ω) is linear. In other
words, the map ρ is given by a morphism (denoted by the same letter)

ρ : lim−→
ωi∈S

Ngp
i → B∗. (3.4.4.2)

Furthermore, the compatibility with theX–actions implies that the restriction
of ρ to H̃S descends to a morphism ε : HS → B∗ (see for example the proof
of 3.2.2). It then follows that the map

HS → B∗ ⊕HS , h 7→ (ε(h), h) (3.4.4.3)

induces an isomorphism ι : M ′
B → MB . Furthermore, as discussed in 3.1.12

the maps ρ(d, x) induce a natural extension of γ to an isomorphism σ of log
schemes. This proves the surjectivity part of 3.4.2.

For the injectivity, let σ : MfP → MfP and ι : MB → MB be compatible
automorphisms of the log structures. By the case of a field (section 3.2), the
induced automorphism σ̄ : M fP →M fP is the identity.

Let C → A denote the cone, and let C o denote the complement of the
vertex so that P̃ ' [C o/Gm]. Let a ∈ A be a point and U the spectrum of
the completion ÔA,a, and let CU be the base change of C . Fix a global chart
β : P oHS →MC o

U
(the pullback of MfP). Then the restriction of σ to C o

U is
induced by a homomorphism

τ : P oHS → Γ (C o
U ,O

∗
C o
U
). (3.4.4.4)

Since σ is compatible with the T–action, the image of τ in fact lies in the
invariants under D(X) of the right side of 3.4.4.4. Looking at the reductions
modulo the power of the maximal ideal of OU and using 3.3.11, it follows
that τ in fact takes values in O∗

U . This implies that σ induces the identity
on MC o

U
because for any (p, 0) ∈ P o HS with image ζ(p,0) in OC o

U
the map

O∗
U → Γ (C o

U ,C
o
U ) sending v to v · ζ(p,0) is injective. We conclude that σ is

the identity automorphism. Since the map MB |fP →MfP is injective this also
implies that ι is the identity. This completes the proof of 3.4.2. ut

3.4.5. There is also a weaker version of 3.4.2 for the saturations of standard
families. With notation as in 3.4.1, assume that the maps ρ, ρ′ : HS → B
factor through morphisms ρsat, ρ′sat : Hsat

S → B (warning: these extensions
are not unique), where Hsat

S denotes the saturation of HS , and let
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(M sat
B ,P,M sat

P , LP , G–action) and (M ′sat
B ,P ′,M sat

P′ , LP′ , G–action)
(3.4.5.1)

be the resulting saturations of the standard families. Let Isom′′ denote the set
of pairs (ι, σ) where ι : M ′sat

B → M sat
B is an isomorphism of log structures on

Spec(B), and

σ : (P,M sat
P , LP , G–action)→ (P ′,M sat

P′ , LP′ , G–action) (3.4.5.2)

is an isomorphism of polarized log schemes with G–action over

(id, ι) : (Spec(B),M sat
B )→ (Spec(B),M ′sat

B ). (3.4.5.3)

Also define J ⊂ Isom (where Isom is defined as in 3.4.1) to be the subset
of pairs (ι, σ) such that ι extends (necessarily uniquely) to an isomorphism
ιsat : M ′sat

B →M sat
B . Since there are isomorphisms (this is easily seen from the

definition of P oHS)

M sat
P = MP ⊕MB

M sat
B , M sat

P′ = MP′ ⊕M ′
B
M ′sat
B , (3.4.5.4)

pushout defines a canonical set map J → Isom′′.

Proposition 3.4.6. This map F : J → Isom′′ is a bijection.

Proof. Note first that the natural maps MB → M sat
B , M ′

B → M ′sat
B , MP →

M sat
P , and MP′ → M sat

P′ are inclusions. Therefore it suffices to show that
for any element (ι, σ) ∈ Isom′′ the isomorphism ι : M ′sat

B → M sat
B restricts

to an isomorphism M ′
B → MB , and that σb : σ∗M sat

P′ → M sat
P induces an

isomorphism σ∗MP′ → MP . For this in turn it suffices to show that the
isomorphism ῑ : M

′sat
B → M

sat

B restricts to an isomorphism M
′
B → MB , and

that σb : σ−1M
sat

P′ → M
sat

P induces an isomorphism σ−1MP′ → MP . Since
these are morphisms of constructible sheaves it therefore suffices to consider
the case when B is a field. In this case the result follows from 3.2.7. ut

3.5 Versal families

In this section we construct what will turn out to be versal families for the
stack K g.

Lemma 3.5.1 Let f : P → S be a proper flat morphism of schemes which
is cohomologically flat in dimension 0 (so that the relative Picard functor
PicP/S exists by [3, 7.3]). Let λ : S → PicP/S be a morphism such that for
every flat covering S′ → S and every line bundle L on PS′ representing
λ|S′ the sheaf f∗L is locally free of rank 1 on S′ and for any point s′ ∈ S′
the map H0(PS′ ,L ) → H0(Ps′ ,L |Ps′ ) is injective. Then there exists a pair
(L , θ ∈ f∗L ), unique up to unique isomorphism, where



92 3 Moduli of principally polarized abelian varieties

(i) L is a line bundle on P representing λ.
(ii) θ ∈ f∗L is a section nonzero in every fiber.

Proof. The uniqueness is immediate, so it suffices to prove existence fppf lo-
cally on S where the pair exists by assumption.

Remark 3.5.2. To verify the assumptions of the lemma, it suffices to base
change to the completions of S at points. In particular, if f : P → S and λ has
the property that for over the completion of S at any point it is isomorphic to
the standard family with its polarization, then the assumptions of the lemma
hold for P/S.

3.5.3. Fix g ≥ 1 and an integer r ≤ g, X = Zr, and let S be an integral
regular paving of XR.

Let Ag−r denote the moduli stack of principally polarized abelian varieties
of dimension g − r, and let At → Ag−r denote the universal abelian scheme.
Let

W0 := HomAg−r
(X,At) (3.5.3.1)

be the stack over Ag−r classifying homomorphisms c : X → At. OverW0 there
is a tautological semiabelian scheme G → W0 defined by c. Define W1 to be
the stack over W0 associating to any scheme-valued point (A, λ, c) ∈ W0 the
set of isomorphism classes of representative line bundles M for λ together with
a rigidification of M at the origin of A (note that such representatives admit
no nontrivial automorphisms). Define W2 to be the stack over W1 classifying
data (A, λ, c,M ) ∈ W1 together with a trivialization ψ : 1X → c∗M−1 such
that the induced trivialization of (c× c)∗B is compatible with the symmetric
biextension structure. Finally define

W3 := W2 ×Spec(Z) Spec(Z[HS ]). (3.5.3.2)

Over W3 we can then perform the standard construction to obtain

(P̃,MfP , LfP , G and X actions)→ (W3,MW3), (3.5.3.3)

where MW3 denote the log structure obtained by pulling back the canononical
log structure on Spec(Z[HS ]).

3.5.4. Define Γ to be the pushout

Γ := HS ⊕ eHS (P o H̃S)gp ' Hgp
S ⊕ eHgpS (P o H̃S)gp, (3.5.4.1)

and let D(Γ ) denote the corresponding diagonalizable group scheme. For a
ring R the group D(Γ )(R) can be identified with the group of homomorphisms
ρ : lim−→ωi∈S

Ngp
i → R∗, where Ni denotes the integral points of Cone(1, ωi),

such that the induced map H̃S → R∗ descends to HS .
There is a canonical surjection Γ → P gp which induces an inclusion

D(X) × Gm ↪→ D(Γ ). Over W0 we can then form the contracted product



3.5 Versal families 93

G := D(Γ )×D(X) G, where G→W0 is the extension of the universal abelian
variety by D(X) defined by the tautological homomorphism c : X → At.

There is also a natural map w : D(Γ ) → Gm induced by the homomor-
phism Z→ Γ sending 1 to the image of (1, 0) ∈ P in Γ .

Lemma 3.5.5 The relative dimension of W3 over Z is equal to (1/2)g(g +
1) + g + 1 + rk(Hgp

S ).

Proof. One computes from the definitions

dim(W0) = dim(Ag−r) + r(g − r)
dim(W1) = dim(W0) + g − r + 1
dim(W2) = dim(W1) + (1/2)r(r + 1) + r

dim(W3) = dim(W2) + rk(Hgp
S ).

Using this and the fact that the relative dimension of Ag−r over Z is equal to
(1/2)(g − r)(g − r + 1) one obtains the result. ut

Lemma 3.5.6 The map

X ×X → Hgp
S , (x, y) 7→ (1, x+ y) ∗ (1, 0)− (1, x) ∗ (1, y) (3.5.6.1)

is bilinear and hence induces a homomorphism S2X → Hgp
S , where S2X

denotes the second symmetric power of X.

Proof. The map is clearly symmetric, so it suffices to show that it is linear in
the second variable. For this we compute

(1, x+ y) ∗ (1, 0)− (1, x) ∗ (1, y) + (1, x+ z) ∗ (1, 0)− (1, x) ∗ (1, z)

= (1, x+ y + z) ∗ (1, z)− (1, x+ z) ∗ (1, y + z) + (1, x+ z) ∗ (1, 0)− (1, x) ∗ (1, z)

= (1, x+ y + z) + (1, z)− (2, x+ y + 2z)− (1, x+ z)− (1, y + z) + (2, x+ y + 2z)

+(1, x+ z) + (1, 0)− (2, x+ z)− (1, x)− (1, z) + (2, x+ z)

= (1, x+ y + z) + (1, 0)− (2, x+ y + z)− (1, x)− (1, y + z) + (2, x+ y + z)

= (1, x+ y + z) ∗ (1, 0)− (1, x) ∗ (1, y + z).
(3.5.6.2)

ut

3.5.7. There is an action of D(Γ ) on W2 over W0 defined as follows. Let
R be a ring and s := (A, λ,M , ψ) an R–valued point of W2. For an R-
valued point of D(Γ ) corresponding to a homomorphism ρ : lim−→Ngp

i → R∗,
define a second point sρ ∈W2(R) as follows. The point sρ will have the same
principally polarized abelian variety and map c : X → At (since the action
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will be over W0), and the representative line bundle is also the same but with
rigidification multiplied by w(ρ) ∈ Gm(R∗) (where w is as in 3.5.4). Finally
the trivialization ψ′ of c∗M−1 is given by the formula

ψ′ : 1X → c∗M−1, ψ′(y) := ρ(1, 0)−1ρ(1, y)ψ(y) ∈M−1(c(y)). (3.5.7.1)

To see that this defines a second point of W2 note that

ψ′(x)ψ′(y)ψ′(x+ y)−1 = ρ(1, 0)−1ρ(1, x)ρ(1, y)ρ(1, x+ y)−1τ(x, y)
= ρ((1, x) ∗ (1, y))ρ((1, 0) ∗ (1, x+ y))−1τ(x, y).

(3.5.7.2)
Since

(x, y) 7→ ρ((1, x) ∗ (1, y))ρ((1, 0) ∗ (1, x+ y))−1 (3.5.7.3)

is a symmetric bilinear form on X × X by 3.5.6 this shows that the trivi-
alization of the Poincare bundle defined by ψ′ is again compatible with the
symmetric biextension structure 1.2.8. We therefore obtain an action of D(Γ )
on W2 over W0.

The group D(Γ ) also acts on Spec(Z[HS ]) via the projection D(Γ ) →
D(Hgp

S ) induced by the inclusion Hgp
S ↪→ Γ , so we also obtain an action of

D(Γ ) on W3 = W2 ×Spec(Z) Spec(Z[HS ]) from the diagonal action. Note that
in fact this action extends naturally to an action on the log stack (W3,MW3)
[36, paragraph preceding 5.14].

3.5.8. This action of D(Γ ) extends naturally to an action on

(P̃,MfP , LfP , G and X actions) (3.5.8.1)

over the above constructed action on (W3,MW3) as follows. Let s : Spec(R)→
W3 be a morphism defining

(P̃R,MfPR
, LfPR

, G and X actions)→ (Spec(R),MR), (3.5.8.2)

let ρ : lim−→Ngp
i → R∗ be a homomorphism defining an element of D(Γ )(R),

and let

(P̃ ′
R,MfP′

R
, LfP′

R
, G and X actions)→ (Spec(R),M ′

R) (3.5.8.3)

be the data obtained from sρ : Spec(R) → W3. Let ι : HS → R∗ denote
the homomorphism defined by ρ, and let β : HS → MR and β′ : HS → M ′

R

be the natural charts. The map ι defines an isomorphism of log structures
δ : MR → M ′

R which sends β(h) to λ(ι(h)) + β′(h). Furthermore, for every
(d, x) ∈ P we obtain an isomorphism

ρ(d, x) : M d ⊗ Lx →M d ⊗ Lx. (3.5.8.4)

These isomorphisms induce an isomorphism of graded algebras which in turn
gives an isomorphism
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σ : (P̃ ′
R,MfP′

R
, LfP′

R
, G and X actions)→ (P̃R,MfPR

, LfPR
) (3.5.8.5)

over the isomorphism

(Spec(R),M ′
R)→ (Spec(R),MR) (3.5.8.6)

defined by the identity map on Spec(R) and δ.
It follows immediately from the construction that σ is compatible with the

G-action. The map σ is also compatible with the X-action. This follows from
the commutativity of the diagrams

t∗y(M
d ⊗ Lx)

ψ′(y)dτ ′(y,x)//

ρ(d,x)

��

M d ⊗ Lx+dy

ρ(d,x+dy)

��
t∗y(M

d ⊗ Lx)
ψ(y)dτ(y,x)//M d ⊗ Lx+dy,

(3.5.8.7)

where ψ′ is defined as in 3.5.7 and τ ′ is the associated trivialization of the
Poincare biextension. The commutativity of 3.5.8.7 in turns follows from the
following lemma:

Lemma 3.5.9 Let χ : S2X → R∗ denote the homomorphism obtained from
ρ (and 3.5.6). Then

ρ(1, 0)dρ(1, y)−dχ(y ⊗ x)ρ(d, x+ dy)ρ(d, x)−1 = 1. (3.5.9.1)

Proof. We prove this by induction on d ≥ 1.
The case d = 1 is immediate from the definition of χ.
For the inductive step, assume the result holds for d − 1. This gives the

formula

ρ(1, 0)d−1ρ(1, y)−(d−1)χ(y, x) = ρ(d− 1, x+ (d− 1)y)−1ρ(d− 1, x) (3.5.9.2)

which enables us to rewrite the left side of 3.5.9.1 as

ρ(1, 0)ρ(1, y)−1ρ(d−1, x+(d−1)y)−1ρ(d−1, x)ρ(d, x+dy)ρ(d, x)−1 (3.5.9.3)

which in turn is equal to

ρ((1, y) ∗ (d− 1, x+ (d− 1)y))−1ρ((1, 0) ∗ (d− 1, x)). (3.5.9.4)

Since the map H̃gp
S → R∗ defined by ρ descends to Hgp

S by assumption, this
expression is equal to 1 as desired. ut

3.5.10. There is also an action of the tautological semiabelian group scheme
G→W0 on W2 over W0 (and hence also an action on W3).

Let T be a scheme, and consider a point of W2(T ) defined by (A, λ,M , ψ),
and let g ∈ G(T ) be a point corresponding to data (a ∈ A, ιx : t∗aLx → Lx). We
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define a new point ofW2(T ) as follows. Note first that giving the isomorphisms
ιx is equivalent to giving sections of

Lx(a) = M (a+ x)⊗M (a)−1 ⊗M (x)−1 = La(x), (3.5.10.1)

where La denotes the rigidified line bundle Lλ(a). Let M ′ denote M ⊗ La,
and define

ψ′(x) ∈M ′−1(x) = M−1(x)⊗ L−1
a (x) (3.5.10.2)

to be the element ψ(x)⊗(ιx)−1. The following lemma implies that (A, λ,M ′, ψ′)
defines a point of W2.

Lemma 3.5.11 The trivialization Λ(ψ′) : 1X×X → (c × c)∗B is equal to
the trivialization Λ(ψ), and in particular is compatible with the symmetric
biextension structure.

Proof. This amounts to the statement that the section

ψ(x+ y)−1ψ(x)ψ(y)ι−1
x+yιxιy (3.5.11.1)

of

M (x+ y)⊗M (x)−1 ⊗M (y)−1 ⊗ L−1
a (x+ y)⊗ La(x)⊗ La(y) (3.5.11.2)

maps to

ψ(x+ y)−1ψ(x)ψ(y) ∈M (x+ y)⊗M (x)−1 ⊗M (y)−1 (3.5.11.3)

under the canonical isomorphism

M (x+ y)⊗M (x)−1 ⊗M (y)−1 ⊗ L−1
a (x+ y)⊗ La(x)⊗ La(y)

��
M (x+ y)⊗M (x)−1 ⊗M (y)−1.

(3.5.11.4)

This follows from the commutativity of the diagram 1.1.8.6. ut

3.5.12. The action of G on W2 also defines an action on W3 = W2 ×
Spec(Z[HS ]) by having G act on the first factor of this product, and even
on the log scheme (W3,MW3). This action of G lifts to an action on the log
scheme (P̃,MfP) over (W3,MW3). Namely, given g = (a, {ιx}) ∈ G(T ) for
some scheme T , and (A, λ,M , ψ) ∈ W2(T ) and a lifting T → Spec(Z[HS ])
defining a log structure MT on T , we get for any choice of isomorphism
σ : t∗aM 'M ⊗ La an isomorphism of sheaves of algebras on A

t∗a(⊕(d,x)M
d ⊗ Lx)→ ⊕(d,x)M

′d ⊗ Lx (3.5.12.1)

from the isomorphisms
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σ⊗d ⊗ ιx : t∗a(M
d ⊗ Lx)→M ′d ⊗ Lx. (3.5.12.2)

This isomorphism depends on the choice of σ. However, the induced morphism
of log schemes

(P̃,MfP)→ (P̃,MfP)×A,ta A (3.5.12.3)

is independent of this choice. Since an isomorphism σ exists fppf locally on
any base scheme T it follows that the isomorphism can be defined globally.
We leave to the reader the verification that this action is compatible with the
X-actions.

3.5.13. It follows from the construction that the restriction of the G–action
on W2 to D(X) is equal to the restriction of the D(Γ )–action to D(X). We
therefore obtain an action of G := D(Γ )×T G on the log scheme (W3,MW3)
over W0. This action even lifts to an action on (P̃,MfP).

3.5.14. It follows that over the quotient stack W3 := [W3/G ] with its log
structure MW3 defined by MW3 , there is a family

(P̃,MfP , G and X actions)→ (W3,MW3). (3.5.14.1)

Let I ⊂ OW3 denote the ideal defined by the images of the non-zero ele-
ments of HS , and let W3,n ⊂ W3 denote the closed substack defined by In.
The action of G on W3 preserves the substacks W3,n, and hence by taking the
quotient we obtain closed substacks W3,n ⊂ W3. Over each W3,n the action of
X on (P̃,MfP , LfP) is properly discontinuous, and hence as in 3.1.22 we can
take the quotient by the X–action to obtain morphisms

fn : (Pn,MPn , G–action)→ (W3,n,MW3,n). (3.5.14.2)

Because the action of G does not lift globally to an action on the line bundle
over P̃, but does lift locally to the line bundle, we obtain furthermore a
section W3,n → PicPn/W3,n

which is locally defined by the line bundle arising
in the standard construction. By 3.5.1 it follows that there exists a unique
pair (Ln, θn ∈ fn∗Ln) consisting of a line bundle on Pn and a section θn ∈
fn∗Ln which is nonvanishing in each fiber such that Ln defines the map
W3,n → PicPn/W3,n

.

Remark 3.5.15. An examination of section 3.4 shows that if we consider two
points of W3,n(T ) as in 3.4.1, where T is the spectrum of an artinian local
ring, then any isomorphism between the two collections of data is obtained
from a point of the group scheme G .

3.5.16. Let A Alex
g denote Alexeev’s stack (with d = 1) defined in 1.4.9

Let Q ⊂ A Alex
g denote the closure (with the reduced substack) of the open

substack classifying objects of A Alex
g with G an abelian variety, and let Q̃

denote its normalization. Let Qn denote the n–th infinitesimal neighborhood
of the reduced closed substack ofQ classifying objects where G has non–trivial
toric part.
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Lemma 3.5.17 For every n, the forgetful map W3,n → A Alex
g factors through

a morphism jn : W3,n → Qn.

Proof. Let Vn denote W3,n. Since Vn → Ag−r is representable the stack Vn
is a Deligne-Mumford stack. Let g0 : Spec(A0) → V0 be an étale surjection,
and for every n let gn : Spec(An)→ Vn be the unique étale morphism lifting
g0. Define A := lim←−An. The maps Vn → A Alex

g then induce a morphism
Spec(A)→ A Alex

g . It suffices to show that this morphism factors through Q.
This is clear because Spec(A) is reduced, and every generic point of Spec(A)
maps to Q. ut

Lemma 3.5.18 The map jn : W3,n → Qn is fully faithful. In particular, W3,n

has finite diagonal.

Proof. Consider two morphisms f, g : T → W3,n from a scheme T , and the
induced morphism

γ : T ×f,W3,n,g T → T ×jn◦f,Qn,jn◦g T. (3.5.18.1)

This is a morphism of algebraic spaces of finite presentation over T , and hence
to prove that it is an isomorphism it suffices to show that the map induces
a bijection on scheme–valued points with values in spectra of artinian local
algebras. This follows from 3.5.15. ut

Lemma 3.5.19 The map jn : W3,n → Qn is an immersion.

Proof. The follows from the fact that it is a finite type fully faithful morphism
of algebraic stacks. ut

Lemma 3.5.20 The morphism on normalizations jn : (W̃3)n → (Q̃)n is an
open immersion.

Proof. Let V → Q be a smooth surjection with V a scheme, and let v ∈ V be
a point mapping to the image of (W3)0 in Q0. Let V̂ denote the spectrum of
the completion of the normalization of ÔV,v. For each n, let Zn ⊂ V̂ denote the
inverse image of (W3)n. The system {Zn} defines a closed subscheme Ẑ ⊂ V̂ .
Furthermore, since each Zn is smooth over (W̃3)n, the subscheme Ẑ is integral.
Thus Ẑ ⊂ V̂ is a closed immersion of normal schemes. Hence to prove that
it is an isomorphism it suffices to show that the two schemes have the same
dimension. We already know that V̂ has dimension (1/2)g(g + 1) + h + 1,
where h is the relative dimension of V over Q. This is because Ag has relative
dimension (1/2)g(g + 1) over Z.

On the other hand, by 3.5.5 and the fact that

dim(G ) = rk(Hgp
S ) + g + 1 (3.5.20.1)

we find that the stack W3 has relative dimension (1/2)g(g + 1) over Z. This
implies that Ẑ has dimension (1/2)g(g + 1) + h+ 1 also. ut
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3.6 Definition of the moduli problem

3.6.1. Define Kg to be the fibered category over Z which to any scheme B
associates the groupoid of data as follows

(G,MB , f : (X,MX)→ (B,MB), L, θ, ρ) (3.6.1.1)

where

(i) MB is a fine log structure on B.
(ii) f : (X,MX) → (B,MB) is a log smooth morphism whose underlying

morphism of schemes X → B is proper,
(iii) L is a relatively ample invertible sheaf on X/B,
(iv) G is a semiabelian scheme over B of relative dimension g, and ρ is an

action of G on (X,MX) over (B,MB),
(v) θ ∈ f∗L is a global section,

such that for every geometric point s̄→ B the following hold:

(vi) the zero–local of the section θs ∈ Γ (Xs̄, Ls̄) does not contain anyG–orbits.
(vii) the data (Gs̄,MB |s̄, Xs̄,MXs̄ , Ls̄, Gs̄–action) is isomorphic to the satura-

tion of a standard family over Spec(k(s̄)).

There is a natural log structure MKg on Kg (see [40, Appendix B] for the
notion of a log structure on a stack).

The main theorem of this chapter, which will be proven in the following
sections, is the following:

Theorem 3.6.2 (i) The fibered category Kg is a proper algebraic stack over
Z with finite diagonal and containing Ag as a dense open substack (in fact
Ag is isomorphic to the open substack of Kg where the log structure MKg

is
trivial).
(ii) The log stack (Kg,MKg ) is log smooth over Spec(Z). In particular, the
stack Kg has toroidal singularities.
(iii) The stack Kg is isomorphic to the normalization of the main component
(the closure of Ag) of Alexeev’s stack A Alex

g .

3.7 The valuative criterion for properness

3.7.1. Let R be a complete discrete valuation ring with field of fractions K.
Fix a uniformizer π ∈ R, let m denote the maximal ideal of R, set S :=
Spec(R), and let η (resp. s) denote the generic (resp. closed) point of S. Let
AK be an abelian scheme over K and (PK , LK , ΘK) a principally polarized
AK–torsor with a non–zero section ΘK ∈ Γ (PK , LK).

Proposition 3.7.2. After possibly replacing R by a finite extension, there
exists a compatible family of objects {Fn} ∈ Kg(Rn) such that the morphism
Spec(R) → Q defined by forgetting the log structures restricts on the generic
fiber to the map Spec(K)→ Q defined by (PK , LK , θK)
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Remark 3.7.3. It follows from 3.8.1 in the next section that the compat-
ible family {Fn} is induced by a unique object F ∈ Kg(R) restricting to
(AK , PK , LK , θK) on the generic fiber.

Proof. This essentially follows from the proof of [1, 5.7] (see also [2, §3]).
First of all, after performing an extension of R we may assume that PK

is trivial and hence (PK , LK , ΘK) is given simply by a principally polarized
abelian variety (AK , LK) with a global nonvanishing section Θ ∈ Γ (AK , LK).
Note that the dimension of Γ (AK , LK) is 1 by [29, combine Theorem on p.
150 with Corollary on p. 159], so Θ is unique up to multiplication by K∗.
Thus any other nonvanishing section Θ′ can be obtained from Θ by applying
an automorphism of (PK , LK). We can therefore ignore the section.

By the semi–stable reduction [15, IX.3.6], there exists after possibly mak-
ing another finite base change a semiabelian group scheme with an invertible
sheaf (G,LG)/S restricting to (AK , LK) over η. After making another finite
extension we may assume that the closed fiber Gs is split. In this case, by
[10, II.6.2] the semiabelian group scheme (G,LG)/S) is obtained from data as
follows:

(i) An abelian scheme A/S with a rigidified line bundle M defining a prin-
cipal polarization, and a split torus T = D(X) (where X ' Zr for some
r).

(ii) A homomorphism c : X → At defining a semi–abelian group scheme over
S

1→ T → G̃→ A→ 0. (3.7.3.1)

(iii) A trivialization a : 1X → c∗M−1
η inducing a trivialization τ̃ : 1X×X →

(c × c)∗B−1
η of the Poincare sheaf which is compatible with the sym-

metric biextension structure. The trivialization τ̃ is required to satisfy
the following positivity condition: for every nonzero x ∈ X, the section
τ̃(x, x) ∈ B−1

(x,x) ⊗R K extends to a section of B−1
(x,x) which is congruent

to zero modulo m.

For any x ∈ X, the module M−1(c(x)) is free of rank 1 over R. We can
therefore speak of the valuation of any element s ∈ M−1(c(x)) ⊗R K. In
particular, we obtain a function

A : X → Z, x 7→ valuation of a(x) ∈M−1(c(x))⊗R K. (3.7.3.2)

By the same method we can define a function

B : S2X → Z, x⊗ y 7→ valuation of τ̃(x, y) ∈ B(x, y)⊗R K. (3.7.3.3)

The compatibility with the symmetric biextension property implies that B
is a quadratic form, and the positivity assumption implies that B is positive
definite. Finally it follows from the definitions that the function

x 7→ A(x)− (1/2)B(x, x) (3.7.3.4)
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is a linear function.
Define ψ : 1X →M−1 to be the trivialization characterized by the formula

a(x) = ψ(x)πA(x). (3.7.3.5)

Then the associated trivialization τ : 1X×X → (c× c)∗B−1 satisfies

τ̃(x, y) = τ(x, y)πB(x,y). (3.7.3.6)

In particular, τ is compatible with the symmetric biextension structure.
Let g : XR → R be the piecewise linear function whose graph is the lower

envelope of the convex hull of the set

{(x,A(x)), |x ∈ X}. (3.7.3.7)

The function g may not be integer valued on X. However, if R→ R′ is a finite
extension of discrete valuation rings with ramification e, and if g′ denotes the
function obtained by doing the preceding construction after first base changing
to R′, then g′ = eg. It follows that after making a suitable finite extension of
R we may assume that g is integer valued on X.

Let S be the paving of XR defined by g (the domains of linearity), so that
we have P and HS as in the standard construction. By the definition of S,
the function g induces a morphism

lim−→
ωi∈S

Ngp
i → Z, (3.7.3.8)

which restricts to a map H̃S → N. Furthermore, for any y ∈ X the function
x 7→ A(x+ y) differs from A(x) by a linear function. From this it follows that
the map H̃S → N descends to a morphism β : HS → N. Define ρ : HS → R to
be the map h 7→ πβ(h). Note that since N is saturated this extends uniquely to
a morphism Hsat

S → R. Applying the standard construction we then obtain a
compatible family of objects {Fn} ∈ lim←−Kg(Rn). We claim that this collection
is the family sought for in the proposition.

For this note first that after forgetting the log structures, the Fn is obtained
by reduction from the graded algebra with X and G action (defined as in
section 3.1)

R := ⊕(d,x)∈PM d ⊗ Lx. (3.7.3.9)

We claim that this algebra is canonically isomorphic to the algebra also de-
noted R in [2, 3.2]. By [loc. cit., 3.24] this will complete the proof of the
proposition.

To establish this identification, let S2 denote the graded algebra over Aη

⊕(d,x)M
d
η ⊗ Lx,η (3.7.3.10)

with algebra structure given by the canonical isomorphisms
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can : (M d
η ⊗ Lx,η)⊗ (M e

η ⊗ Ly,η)→M d+e
η ⊗ Lx+y,η. (3.7.3.11)

By the same reasoning as in section 3.1 there is a canonical action of Gη on
S2 over the translation action on Aη, and the trivialization a : 1X → M−1

η

also defines an action of X on S2.
There is a natural map from the algebra R ⊗K 3.7.3.9 to S2 defined as

follows. This map is induced by the morphisms

πg(x) · id : M d ⊗ Lx →M d
η ⊗ Lx,η. (3.7.3.12)

Then it follows from the construction that the induced map R ⊗ K → S2

is compatible with the algebra structures as well as the G and X actions.
Finally, from [1, 3.7] it follows that our R agrees with the one constructed
there. This completes the proof of 3.7.2. ut

3.7.4. Let Q̃ denote the normalization of the main component of Alexeev’s
compactification, and let P eQ → Q̃ be the base change of the universal scheme
with semi–abelian group action over Q. Let G eQ → Q̃ denote the semiabelian
group scheme which acts on P eQ. Let j : Q̃o ⊂ Q̃ denote the maximal open
dense substack where P is smooth, and let j̃ : Po ↪→ P denote the inverse
image in P. Define NP (resp. N eQ) to be the log structure j̃log∗ O∗

Po (resp.
jlog∗ O∗eQo) so that there is a natural morphism of log stacks

(P, NP)→ (Q̃, N eQ). (3.7.4.1)

Proposition 3.7.5. (i) The log structures NP and N eQ are fine and saturated
and the morphism 3.7.4.1 is log smooth.
(ii) For every geometric point s̄→ Q̃, the data

(Gs̄, N eQ|s̄,Ps̄,MP |Ps̄ , LPs̄ , θ) (3.7.5.1)

defines an object of Kg, and hence we obtain a morphism of stacks Q̃ → Kg.
(iii) For any artinian local ring B, the functor Q̃(B)→ Kg(B) is an equiva-
lence of categories.

Proof. By 3.7.2, for any field valued point s : Spec(k) → Q̃ the pullback
Pk → Spec(k) is isomorphic to the scheme obtained by applying the standard
construction for some choice of data S, ψ etc. By the deformation theory
3.3.3 it then follows that locally in the smooth topology Q̃ is smooth over
Spec(Z[Hsat

S ]) and that Q̃o is equal to the inverse image of Spec(Z[Hsat, gp
S ]) ⊂

Spec(Z[Hsat
S ]). From this and [21, 11.6] it follows that N eQ is fine. Furthermore,

the deformation theory also shows that étale locally on Q̃ and P there exists
a commutative diagram

P
g−−−−→ Spec(Z[Q])y yd∗

Q̃ f−−−−→ Spec(Z[Hsat
S ]),

(3.7.5.2)
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where f is smooth as above, g induces a smooth map

P → Q̃×Spec(Z[Hsat
S ]) Spec(Z[Q]), (3.7.5.3)

and d∗ is induced by an integral morphism of monoids d : Hsat
S → Q with

Coker(Hgp
S → Qgp) torsion free, such that the map

Hgp
S ⊕Hsat

S
Q→ Qgp (3.7.5.4)

is an isomorphism [20, 3.5]. From this and [21, 11.6] it follows that NP is also
fine and that 3.7.4.1 is log smooth. This also proves (ii).

Statement (iii) follows from 3.5.20. ut

3.8 Algebraization

Let B be a complete noetherian local ring, m ⊂ B the maximal ideal, and set
Bn := B/mn.

Proposition 3.8.1. The natural functor

Kg(B)→ lim←−Kg(Bn) (3.8.1.1)

is an equivalence of categories.

The proof of 3.8.1 will be in several steps 3.8.2–3.8.11.

3.8.2. Let I ⊂ B be a square-zero ideal. Set B := B/I and define

Bn := Bn ⊗B B, In := Ker(Bn → Bn). (3.8.2.1)

Fix a free abelian group X, an integral regular paving S of XR, and a map
HS → B sending all non–zero elements to m. This map defines log structures
MB , MB , etc. Fix also a principally polarized semiabelian scheme G/B whose
reduction G⊗B B0 is split. Choose a splitting, and let

0→ T → G̃→ A→ 0 (3.8.2.2)

be the extension over B obtained as in [10, II §1]. Here T is the torus corre-
sponding to X, and the extension is given by a map c : X → At. Fix descent
data for the polarization on G to A giving a line bundle M on A defining a
principal polarization. We also choose a rigidification of M on A, and a trivi-
alization ψ : 1X → c∗M−1 such that the induced trivialization of (c×c)∗B−1

is compatible with the symmetric biextension structure. We can then apply
the standard construction and saturation to obtain compatible systems

{(Pn,MPn , LPn)/(B,MB)} and {(Pn,MPn
, LPn

)/(B,MB)}
(3.8.2.3)

of saturated standard families.
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Lemma 3.8.3 Let F be a coherent sheaf on P flat over B, and let Fn denote
the pullback to P ⊗Bn. Then for every integer i the natural map

lim←−H
i(P, I ⊗ Fn)→ lim←−H

i(P, In ⊗B Fn) (3.8.3.1)

is a topological isomorphism.

Proof. Consider the exact sequences

0→ I ∩mn/mnI → I ⊗B Bn → In → 0. (3.8.3.2)

By the Artin-Rees lemma there exists an integer k such that

I ∩mn = mn−k(mk ∩ I) (3.8.3.3)

and hence I ∩ mn/mnI is annihilated by mk. Since F is flat over B, 3.8.3.2
induces short exact sequences

0→ (I ∩mn/mnI)⊗ F → I ⊗ Fn → In ⊗ Fn → 0. (3.8.3.4)

Looking at the associated long exact sequences it follows that the kernel and
cokernel of

Hi(P, I ⊗ Fn)→ Hi(P, In ⊗B Fn) (3.8.3.5)

is annihilated by mk, and that 3.8.3.1 is an isomorphism. ut

Lemma 3.8.4 There exists a sequence of integers ν(n) with lim−→n
ν(n) = ∞

such that for every n the image of the map

Hi(P, I ⊗ F )→ Hi(P, Iν(n) ⊗ Fν(n)) (3.8.4.1)

is equal to the image of the map

Hi(P, In ⊗ Fn)→ Hi(P, Iν(n) ⊗ Fν(n)). (3.8.4.2)

Proof. This follows from the preceding lemma and [13, III.4.1.7] which implies
that the natural map

Hi(P, I ⊗ F )→ lim←−H
i(P, I ⊗ Fn) (3.8.4.3)

is a topological isomorphism. ut

Lemma 3.8.5 Let (P,MP)→ (Spec(B),MB) be a log smooth proper mor-
phism and LP a polarization on P. Assume given an isomorphism of projec-
tive systems

γ̄ : {(P,MP , LP)⊗Bn} → {(Pn,MPn
, LPn

)}. (3.8.5.1)

Then there exists a unique log smooth lifting (P,MP) → (Spec(B),MB) of
(P,MP) together with a lifting LP of the polarization and an isomorphism
of projective systems

γ : {(P,MP , LP)⊗Bn} → {(Pn,MPn , LPn)} (3.8.5.2)

lifting γ̄.
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Proof. Applying 3.8.4 with i = 0 to F = T(P,MP)/(B,MB) and using [20,
3.14], it follows that to construct (P,MP) it suffices to find a log smooth
deformation (P,MP) such that for all n the reduction (P,MP) ⊗ Bn is
isomorphic to (Pn,MPn). For then in fact we can choose the isomorphisms to
be compatible. To see this last statement, assume we have chosen a collection
of compatible isomorphisms up to n−1. Then the lemma implies that we can
choose an isomorphism (P,MP)⊗Bn → (Pn,MPn

) which agrees with the
previously chosen isomorphisms for m ≤ ν(n − 1). Since ν(n) → ∞ we can
inductively choose the isomorphisms to be compatible.

The obstruction to finding a log smooth deformation (P,MP) of (P,MP)
is by [20, 3.14] a class in H2(P, I ⊗ T(P,MP)/(B,MB)). Furthermore this class
is functorial. Since

H2(P, I ⊗ T(P,MP)/(B,MB))→ lim←−H
2(Pn, In ⊗ T(Pn,MPn

)/(Bn,MBn
))

(3.8.5.3)
is an isomorphism and the obstruction maps to zero in each H2(P, I ⊗
T(P,MP)/(B,MB)) this implies that there exists a log smooth deformation
(P ′,M ′

P).
The isomorphism classes of log smooth deformations are by [20, 3.14] a

torsor under the group H1(P, I ⊗ T(P,MP)/(B,MB)). Since

H1(P, I ⊗ T(P,MP)/(B,MB))→ lim←−H
1(Pn, In ⊗ T(Pn,MPn

)/(Bn,MBn
))

(3.8.5.4)
is an isomorphism we obtain a unique class τ ∈ H1(P, I ⊗ T(P,MP)/(B,MB))
from the collection

([(P ′,MP′)⊗Bn]− [(Pn,MPn
)]) ∈ lim←−H

1(Pn, In⊗T(Pn,MPn
)/(Bn,MBn

)).
(3.8.5.5)

Changing our choice of (P ′,MP′) we then obtain the desired lifting (P,MP).
Finally the lifting of the polarization is obtained from the Grothendieck exis-
tence theorem [13, III.5.1.4] and the sheaves LPn

. This completes the proof
of 3.8.5. ut

3.8.6. Next we make some observations about formal log schemes. Let R be a
regular ring, and Q a fine saturated monoid with Q∗ = {0}. Let θ : Q→ P be
an integral morphism of fine monoids such that Coker(Qgp → P gp) is torsion
free. Note that this implies that P gp is torsion free as there is a short exact
sequence

0 // Qgp
s // P gp

t // Coker(Qgp → P gp) // 0, (3.8.6.1)

where s is injective since Q→ P is integral, and Qgp is torsion free since Q is
saturated with Q∗ = {0}.

We then obtain a log smooth morphism of fine log schemes
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Spec(P → R[P ])→ Spec(Q→ R[Q]). (3.8.6.2)

Let J ⊂ R[Q] be an ideal, and let

f : (X ,MX )→ (Y ,MY ) (3.8.6.3)

be the morphism of fine formal log schemes obtained by completing 3.8.6.2
along J .

Let x̄ → X be a geometric point, OX ,x̄ the local ring at x̄, and Nx̄ the
log structure on Spec(OX ,x̄) associated to the map MX ,x̄ → OX ,x̄. Let ÔX ,x̄

denote the completion along the maximal ideal of the local ring OX ,x̄.

Lemma 3.8.7 The log scheme (Spec(OX ,x̄), Nx̄) is log regular in the sense
of [21, 2.1].

Proof. By [21, 3.1] and the openness of the log regular locus [21, 7.1], it suffices
to show that the log scheme

(Spec(ÔX ,x̄), Nx̄|Spec( bOX ,x̄)
) (3.8.7.1)

is log regular. But this log scheme is isomorphic to the scheme

Spec(ÔSpec(R[P ]),x̄) (3.8.7.2)

with log structure induced by the given map P → ÔSpec(R[P ]),x̄. The lemma
therefore follows from the fact that Spec(P → R[P ]) is log regular being log
smooth over a regular ring [21, 8.2]. ut

Lemma 3.8.8 Let Ux̄ ⊂ Spec(OX ,x̄) be the open set where Nx̄ is trivial.
Then

MX ,x̄ = {f ∈ OX ,x̄| f maps to a unit in Γ (Ux̄,OUx̄)}. (3.8.8.1)

Proof. This follows from the preceding lemma and [21, 11.6]. ut

Corollary 3.8.9 Assume further that the natural map Qgp ⊕Q P → P gp is
an isomorphism. Then

MX ,x̄ = {f ∈ OX ,x̄| f maps to a unit in OX ,x̄ ⊗Z[Q] Z[Qgp]}. (3.8.9.1)

Lemma 3.8.10 With notation as in 3.8.2, let ω ∈ S be a simplex, (P oHS)ω
the monoid obtained by inverting elements which lie in Cone(1, ω), and let
(P o HS)ω,0 denote the degree 0 elements of (P o HS)ω. Then the natural
map

Hgp
S ⊕HS (P oHS)ω,0 → (P oHS)gpω,0 (3.8.10.1)

is an isomorphism.
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Proof. Since everything is invariant under the translation byX–action assume
that (1, 0) ∈ Cone(1, ω) ⊂ X, in which case for any (d, x) ∈ P we have

((d, x), 0) + ((d,−x), 0) = (2d(1, 0), 0) + h (3.8.10.2)

for some h ∈ HS . ut

3.8.11. We can now complete the proof of 3.8.1.
That every object of the right side of 3.8.1.1 is in the essential image

follows immediately from 3.5.20 and the fact that the map

Q̃(B)→ lim←−Q̃(Bn) (3.8.11.1)

is an equivalence of categories since Q̃ is algebraic (see for example [5, remark
on p. 182]). Also, since the stack A Alex

g,1 is algebraic, for any compatible family
of objects

(Gn,MBn ,Pn,MPn
, LPn

, Gn–action) ∈ lim←−Kg(Bn) (3.8.11.2)

the underlying compatible family (Gn,Pn, LPn
, Gn–action) of polarized schemes

with semi–abelian group action is obtained from a unique polarized scheme
with group action

(G,P, LP , G–action). (3.8.11.3)

Furthermore, since the stack Log(Spec(Z),O∗
Spec(Z))

defined in [36, 1.1] is alge-
braic, the functor

(fine log structures on Spec(B))→ lim←−(fine log structures on Spec(Bn))
(3.8.11.4)

is an equivalence of categories. Therefore the log structures MBn are obtained
from a unique log structure MB on Spec(B). Let HS → B be a chart. Then
to prove 3.8.1 it suffices to show that if MP and M ′

P are log structures on
P under MB |P with an extension of the action of G defining an object of
Kg(B), then any compatible family of isomorphisms εn : MP |Pn

→M ′
P |Pn

under MBn and respecting the G action is induced by a unique isomorphism
ε : MP → M ′

P . The uniqueness is immediate since P is proper so that ε is
determined by the maps on stalks at geometric points in the closed fiber.

For the existence of ε, note that by the deformation theory 3.3.3, there
exists a regular local ring R and a surjection δ : R[[HS ]] → B such that
(G,P, LP , G–action) is obtained by base change from a family

(G†,P†, LP† , G†–action) (3.8.11.5)

over R[[HS ]]. Let J ⊂ R[[HS ]] denote the kernel of δ, let a ⊂ R[[HS ]] denote
the inverse image of m ⊂ B, and let P†

n denote the reduction of P† modulo an.
Denote by P̂† the formal scheme obtained by taking the J–adic completion
of P†. Then by 3.8.5 there exist log structures McP† and M ′cP† on P̂† lifting
MP and M ′

P and isomorphisms
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ε†n : MP†
n
→M ′

P†
n

(3.8.11.6)

reducing to the isomorphisms εn. Combining 3.8.9 and 3.8.10 we then ob-
tain an isomorphism ε† : McP† → M ′cP† inducing the isomorphisms ε†n. The
reduction modulo J of ε† then gives the desired isomorphism MP →M ′

P† .

Remark 3.8.12. In section 4.7 we will prove more general results about al-
gebraization of log structures.

3.9 Completion of proof of 3.6.2

Since both Kg and Q̃ are stacks with respect to the étale topology, the fol-
lowing proposition completes the proof of 3.6.2.

Proposition 3.9.1. (i) For any scheme T and object F ∈ Kg(T ), there exists
an étale cover U → T such that F |U ∈ Kg(U) is in the essential image of
Q̃(U)→ Kg(U).
(ii) The functor Q̃ → Kg is fully faithful.

Proof. By a standard reduction we may assume that T is noetherian.
First we prove (i). Let

(G,MT ,P,MP , LP , G–action) (3.9.1.1)

denote the data corresponding to F . Forgetting the log structures we obtain
a morphism T → A Alex

g,1 . By the description of the deformation rings of Kg

provided by 3.3.3 (see also the proof of 3.5.17) this morphism in fact factors
through a morphism s : T → Q̃. Let M ′

T and M ′
P denote the log structures

on T and P respectively obtained by pulling back the log structures on Q̃
and the universal scheme over this stack. We then obtain a second object of
Kg(T )

(G,M ′
T ,P,M ′

P , LP , G–action) (3.9.1.2)

with the same underlying polarized scheme with semi–abelian action as F .
We claim that there exists a unique pair of isomorphisms of log structures

ι : MT →M ′
T , σ : MP →M ′

P , (3.9.1.3)

where σ is compatible with the G–action. Note that by 3.4.2 and 3.4.6 we
have already shown this when T is the spectrum of an Artinian local ring.
This implies in particular that the pair (ι, σ) is unique if it exists.

To construct (ι, σ) in general we proceed by noetherian induction. So we
assume that for any proper closed subscheme Z ⊂ T there exists a pair (ιZ , σZ)
over Z. Then we must show that the pair (ι, σ) also exists over T .

To construct (ι, σ), we first construct the isomorphisms ῑ : MT →M
′
T and

σ̄ : MP →M
′
P .
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For this recall [26, II.3.10] that if j : U ↪→ T is an open set with complement
i : Z ↪→ T , then the category of sheaves in Tet is equivalent to the category
of triples (F1, F2, φ), where F1 is a sheaf on Zet, F2 is a sheaf on Uet, and
φ : F1 → i∗j∗F2 is a morphism of sheaves on Z. This equivalence is induced
by the functor sending a sheaf F on T to the triple with F1 = i∗F , F2 = j∗F ,
and φ the map i∗F → i∗j∗j

∗F induced by adjunction.
By the case of an Artinian local ring, we can find (ι, σ) over the generic

points of T , and hence by a standard limit argument there exists a dense open
set j : U ⊂ T and a pair (ιU , σU ) over U . Let i : Z ⊂ T be the complement of
U . By the noetherian induction hypothesis we also have isomorphisms (ιZ , σZ)
over Z (with the reduced structure). To construct ῑ and σ̄ it therefore suffices
to show that the following diagrams commute

i∗MT −−−−→ i∗j∗j
∗MT

ιZ

y yιU
i∗M

′
T −−−−→ i∗j∗j

∗M
′
T ,

(3.9.1.4)

i∗PMP −−−−→ i∗PjP∗j
∗
PMP

σZ

y yσU
i∗PM

′
P −−−−→ i∗PjP∗j

∗
PM

′
P .

(3.9.1.5)

Here the horizontal arrows are the adjunction maps, and jP : PU ⊂P and
iP : PZ ⊂ P are the inclusions. To verify this we may work étale locally
on T , and hence may assume that T is the spectrum of a strictly henselian
local ring. Let T̂ denote the spectrum of the completion of Γ (T,OT ) at the
maximal ideal. We then have a commutative diagram with cartesian squares

Û
ĵ−−−−→ T̂

î←−−−− Ẑ

αU

y yαT yαZ
U

j−−−−→ T
i←−−−− Z.

(3.9.1.6)

Let MbT and M ′bT denote the pullbacks of MT and M ′
T respectively to T̂ . We

then obtain a commutative diagram

î∗M bT = α∗Zi
∗MT −−−−→ α∗Zi

∗j∗j
∗MT = î∗α∗T j∗j

∗MT
γ−−−−→ î∗ĵ∗ĵ

∗M bT
iZ

y ιU

y yι bU
î∗M

′bT = α∗Zi
∗M

′
T −−−−→ α∗Zi

∗j∗j
∗M

′
T = î∗α∗T j∗j

∗M
′
T

γ′−−−−→ î∗ĵ∗ĵ
∗M

′bT ,
(3.9.1.7)

where ιbU is the pullback of ιU . Since the morphism αT is surjective, the maps
γ and γ′ are injective. It follows that to prove that 3.9.1.4 commutes it suffices
to consider T̂ . A similar argument shows that to prove that 3.9.1.5 commutes
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we may replace T by T̂ . This reduces the construction of ῑ and σ̄ to the case
when T is the spectrum of a complete noetherian local ring. In this case the
result follows from 3.8.1.

So now we fix (ῑ, σ̄) and construct (ι, σ). Let Q be the functor over P–
schemes which to any f : S → P associates the set of isomorphisms of log
structures λ : f∗MP → f∗M ′

P inducing f∗σ̄ : f∗MP → f∗M
′
P .

Lemma 3.9.2 The functor Q is an algebraic space separated over P.

Proof. The assertion is étale local on P. We may therefore assume that there
exists a fine monoid P and charts β1 : P →MP and β2 : P →M ′

P such that
the diagram

P P

β̄1

y yβ̄2

MP
σ̄−−−−→ M

′
P

(3.9.2.1)

commutes. Let α1 : P → OP and α2 : P → OP be the morphisms induced
by β1 and β2. Then as in 2.4.4 Q is represented by the scheme

SpecP(OP [P gp]/(α1(p)up = α2(p))p∈P , (3.9.2.2)

where for p ∈ P we write up ∈ OP [P gp] for the corresponding element of the
monoid algebra. ut

Let Sec(Q/P) denote the functor over T which to any S → T associates
the set of sections of the mapQS →PS obtained by base change. As explained
in [39, 1.5], the functor Sec(Q/P) is an algebraic space. Also, the group
scheme G acts naturally on Sec(Q/P). This is because by the construction
the isomorphism σ̄ is compatible with the G–action, and hence there is a
natural action of G on Q over P. Precisely, if f : S → P is a morphism,
λ ∈ Q(S) an isomorphism lifting σ, and g ∈ G(T ), then λg ∈ Q(S) is the
isomorphism (tg ◦ f)∗MP → (tg ◦ f)∗M ′

P making the diagram

(tg ◦ f)∗MP
'−−−−→ f∗MP

λg
y yλ

(tg ◦ f)∗M ′
P

'−−−−→ f∗M ′
P

(3.9.2.3)

commute. It follows that the group scheme G also acts on Sec(Q/P). Define
I to be the fiber product of the diagram

Sec(Q/P)

∆

y
G× Sec(Q/P)

pr2×ρ−−−−→ Sec(Q/P)×T Sec(Q/P),

(3.9.2.4)
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where ρ denotes the action. Then we wish to show that the map I → T is an
isomorphism. Since I is an algebraic space, this follows from the fact that for
any artinian local ring B the map I(B)→ S(B) is an isomorphism. We thus
obtain the morphism σ.

To obtain the morphism ι, choose (after replacing T by an étale cover)
charts β : H →MT and β′ : H →M ′

T such that the diagram

H H

β̄

y yβ̄′
MT

ῑ−−−−→ M
′
T

(3.9.2.5)

commutes. Then for any h ∈ H there exists a unique unit u(h) ∈ Γ (P,O∗
P)

such that the image of h in MP maps under σ to λ(u(h)) plus the image of h
in M ′

P under the composite H → M ′
T → M ′

P . Since Γ (P,O∗
P) = Γ (T,O∗

T )
this defines the isomorphism ι. This completes the proof of (i).

To prove (ii), let o1, o2 ∈ Q̃(T ) be two objects over some scheme T . We
then obtain inclusions of sheaves on the big étale site of T

Isom eQ(o1, o2) ⊂ IsomKg
(o1, o2) ⊂ IsomA Alex

g,1
(o1, o2), (3.9.2.6)

where we abusively also write oi for the image of oi in Kg and A Alex
g,1 (to verify

that the second map is inclusion note that it suffices to do so for scheme-
valued points over artinian local rings where it follows from the results of
section 3.4). We then wish to show that the first inclusion is an isomorphism.
For this it suffices to show that if ι ∈ IsomA Alex

g,1
(o1, o2)(T ) is a section in the

image of IsomKg
(o1, o2)(T ) then in fact ι lies in Isom eQ(o1, o2)(T ). Since both

Isom eQ(o1, o2) and IsomA Alex
g,1

(o1, o2) are representable by schemes over T , to
verify this it suffices to consider the case when T is an artinian local ring.

Let W3,n be as in 3.5.14, and let (W sat
3,n ,M

sat
W3,n

) denote the saturation of the
log scheme (W3,n,MW3,n).= (so by 3.5.20 we have a locally closed immersion
W3,n ↪→ Q̃).

We then obtain a commutative diagram

W sat
3,n

��
T

o1

EEo2
99

ι // W3,n.

(3.9.2.7)

The following lemma therefore completes the proof of 3.9.1 as it shows that
to give an isomorphism between o1 and o2 in Kg is precisely equivalent to
giving an isomorphism in Q̃. ut

Lemma 3.9.3 There exists an isomorphism h : o∗1MW sat
3,n
→ o∗2MW sat

3,n
filling

in the diagram
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o∗1MW sat
3,n

h

���
�
�
�
�
�
�

ι∗MW3,n

99ssssssssss

%%KKKKKKKKKK

o∗2MW sat
3,n

(3.9.3.1)

if and only if ι is induced by an isomorphism in W sat
3,n , in which case h is

unique.

Proof. The uniqueness of h is clear as the maps ι∗MW3,n → o∗iMW sat
3,n

identify
the sheaves o∗iMW sat

3,n
with the saturation of ι∗MW3,n . It is also clear that if

ι is induced by an isomorphism in W3,n then there is a map h filling in the
diagram.

Conversely, assume that h exists and let (T sat,Msat) denote the saturation
of the log scheme (T, ι∗MW3,n). Then the diagram

T sat //

��

W sat
3,n

��
T // W3,n

(3.9.3.2)

is cartesian, so the maps oi are obtained from a unique set of sections si :
T → T sat. The existence of h then implies that we can extend these sections
to obtain a commutative diagram of log schemes

(T sat,MT sat)

��
(T, o∗1MW sat

3,n
)

s2

;;s1
55

// (T, ι∗MW3,n).

(3.9.3.3)

By the universal property of the saturation of a log scheme it follows that
s1 = s2. ut



4

Moduli of abelian varieties with higher degree
polarizations.

Fix integers g, d ≥ 1 and let Ag,d denote the moduli stack associating to a
scheme T the groupoid of pairs (A, λ), where A is an abelian scheme over T
and λ : A→ At is a polarization of degree d. Recall that this means that the
kernel of λ is a finite flat group scheme over T of rank d2, and that fppf locally
on T there exists an ample line bundle L on A such that the map

λL : A→ At, a 7→ [t∗aL⊗ L−1]

is equal to λ. In this case if f : A → T is the structural morphism then f∗L
is locally free of rank d on T and its formation commutes with arbitrary base
change on T (see for example [30, I, §1] for a summary of basic properties of
ample line bundles on abelian varieties).

The stack Ag,d is a Deligne–Mumford stack over Z. Our aim in this section
is to modify the techniques of the previous section to give a compactification
Ag,d ↪→ A g,d. For d = 1 this compactification agrees with the one constructed
in the previous chapter (though as mentioned in the introduction the moduli
interpretation is different, as reflected in the notation).

4.1 Rethinking Ag,d

4.1.1. Let Tg,d denote the stack over Z associating to any scheme T the
groupoid of triples (A,P, L), where A is an abelian scheme of dimension g
over T , f : P → T is an A–torsor, and L is an ample invertible sheaf on P
such that f∗L is locally free of rank d on T .

Note that for such a triple (A,P, L)/T we obtain by 2.1.1 a morphism

λL : A→ At. (4.1.1.1)

The kernel of this morphism is a finite flat group scheme over T of rank d2.
Indeed this can be verified fppf locally on T when P is trivial where it follows
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from the theory of abelian varieties. We will denote this group scheme by
H(P,L), or just H(L) if no confusion seems likely to arise.

Let G(A,P,L) denote the functor which to any T–scheme T ′ → T associates
the group of automorphisms of the base change (PT ′ , LT ′) which commute
with the action of AT ′ . We refer to G(A,P,L) as the theta group of (A,P, L).

Lemma 4.1.2 For any section α ∈ G(A,P,L)(T ) there exists a unique section
x ∈ H(L)(T ) such that the automorphism αP : P → P is given by translation
by x.

Proof. By the uniqueness part of the lemma and descent theory, we may
work fppf–locally on T and may therefore assume that P is trivial. In this
case αP is given by an automorphism of A (not necessarily respecting the
group structure) which commutes with translation. By [28, 6.4] there exists
a section x ∈ A such that αP = tx ◦ h, where h is a homomorphism and tx
denotes translation by x ∈ A(B) (note that x is uniquely defined by αP ).
Since αP commutes with the A-action, we have for any sections y, z ∈ A(T )
an equality

z+x+h(y) = z+αP (y) = αP (y+z) = x+h(y+z) = x+h(y)+h(z). (4.1.2.1)

This implies that h(z) = z and hence h is the identity. It follows that αP = tx
for a unique section x ∈ A(B). And since t∗xL is isomorphic to L this section
x must be an element of H(L). ut

4.1.3. By the lemma there is a canonical map G(A,P,L) → H(L). This mor-
phism is surjective. Indeed by the definition of H(L), for any x ∈ H(L) there
exists fppf locally on T an isomorphism t∗xL ' L. The choice of such an iso-
morphism defines a lifting of x to G(A,P,L). It follows that the group scheme
G(A,P,L) sits in a short exact sequence

1→ Gm → G(A,P,L) → H(L)→ 1. (4.1.3.1)

Let AutTg,d(A,P, L) denote the functor of automorphisms of the triple
(A,P, L), and let Aut(A, λ) denote the group scheme of automorphisms σ :
A→ A of the abelian scheme A such that the diagram

A
σ−−−−→ A

λL

y yλL
At

σ∗←−−−− At

(4.1.3.2)

commutes. There is a natural short exact sequence

1→ G(A,P,L) → AutTg,d(A,P, L)→ Aut(A, λ). (4.1.3.3)
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Proposition 4.1.4. The natural functor

F : Tg,d → Ag,d, (A,P, L) 7→ (A, λL) (4.1.4.1)

induces an isomorphism between Ag,d and the rigidification of Tg,d with re-
spect to the normal subgroups G(A,P,L) ⊂ AutTg,d(A,P, L).

Proof. For any scheme T and point x ∈ Ag,d(T ), there exists evidently an fppf
cover of T such that x is in the essential image of F . It therefore suffices to
show that F induces a fully faithful functor from the rigidication of Tg,d. For
this in turn it suffices to show that for any two objects (Ai, Pi, Li) ∈ Tg,d(T )
(i = 1, 2) the natural map

G(A1,P1,L1)\IsomTg,d((A1, P1, L1), (A2, P2, L2))y
IsomAg,d

((A1, λL1), (A2, λL2))

(4.1.4.2)

is an isomorphism of sheaves for the fppf topology. This map is injective by the
definition of G(A1,P1,L1). Thus what remains to show is that any isomorphism
h : A1 → A2 such that the diagram

A1
h−−−−→ A2

λL1

y yλL2

At1
h∗←−−−− At2

(4.1.4.3)

commutes extends fppf locally on T to an isomorphism (A1, P1, L1) →
(A2, P2, L2). To prove this we may as well assume that P1 and P2 are triv-
ial and can assume that T is the spectrum of a strictly henselian local ring.
The commutativity of 4.1.4.3 then implies that for every scheme–valued point
x ∈ A1

t∗xh
∗L2 ⊗ h∗L−1

2 ' h∗(t∗h(x)L2 ⊗ L−1
2 ) ' t∗xL1 ⊗ L−1

1 . (4.1.4.4)

Rearranging the equation we find that

t∗x(h
∗L2 ⊗ L−1

1 ) ' h∗L2 ⊗ L−1
1 . (4.1.4.5)

This implies that h∗L2 ⊗ L−1
1 is isomorphic to t∗aL1 ⊗ L−1

1 for some section
a ∈ A1 (see for example [29, Chapter II, §8]). Therefore h∗L2 ' t∗aL1 or
equivalently t∗−ah

∗L2 ' L1 for some a ∈ A1. Fixing one such isomorphism ι
we obtain an isomorphism in Tg,d

h : A1 → A2, h ◦ t−a : P1 → P2, ι : t∗−ah
∗L2 ' L1. (4.1.4.6)

ut
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Corollary 4.1.5 The exact sequence 4.1.3.3 of fppf sheaves is also exact on
the right.

4.1.6. Proposition 4.1.4 is the starting point for our construction of a com-
pactification of Ag,d. Let us briefly outline the construction. We will first
construct an open dense embedding Tg,d ⊂ T g,d, where T g,d classifies cer-
tain log schemes together with a line bundle and action of a semiabelian group
scheme. The tautological theta group G over Tg,d extends canonically to T g,d

and we construct A g,d as the rigidification of T g,d with respect to this exten-
sion of the theta group. We then show that A g,d is proper over Z with finite
diagonal, and describe its local structure.

4.2 The standard construction

In this section we give a construction which will describe the geometric points
of T g,d as well as the local rings of the boundary.

4.2.1. Let B be a base scheme and X a lattice of rank r dual to a torus TX .
We fix the following data:

(i) An inclusion φ : Y → X of a sublattice with X/Y a finite group of order
d1.

(ii) An abelian scheme A of relative dimension g− r over B together with an
ample rigidified line bundle M defining a polarization of degree d2 such
that d1d2 = d.

(iii) A homomorphism c : X → At corresponding as in 1.1.8 to an extension

0→ TX → G→ A→ 0. (4.2.1.1)

For x ∈ X we write Lx for the rigidified line bundle on A corresponding
to c(x).

(iv) A homomorphism ct : Y → A such that the diagram

Y
φ−−−−→ X

ct

y yc
A

λM−−−−→ At

(4.2.1.2)

commutes.
(v) An integral regular paving S of XR.
(vi) A trivialization τ of the biextension (ct × c)∗B−1 such that the induced

trivialization of (ct × c ◦ φ)∗B−1 over Y × Y is compatible with the sym-
metric structure.

(vii) A trivialization ψ of (ct)∗M−1 over Y inducing τ |Y×Y .
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Define H̃S and HS as in 3.1. Recall that by 3.1.6 the monoid HS is finitely
generated.

Lemma 4.2.2 For any y ∈ Y and x ∈ X the sheaf t∗ct(y)(M
d ⊗ Lx) is non–

canonically isomorphic to M d ⊗ Lx+dφ(y).

Proof. By the theorem of the square, for a, b ∈ A we have

t∗aM ⊗ t∗bM ' t∗a+bM ⊗M .

Using this and induction we have

t∗ct(y)(M
d) ' (t∗dct(y)M )⊗M d−1.

Since 4.2.1.2 commutes, we have

Lx+dφ(y) = Lx ⊗ Ldφ(y) = Lx ⊗ t∗dct(y)M ⊗M−1

so
M d ⊗ Lx+dφ(y) 'M d−1 ⊗ Lx ⊗ t∗dct(y)M . (4.2.2.1)

Also

t∗ct(y)(M
d ⊗ Lx) ' t∗ct(y)(M

d)⊗ t∗ct(y)Lx
' t∗dct(y)(M )⊗M d−1 ⊗ t∗ct(y)Lx.

Since t∗ct(y)Lx is isomorphic to Lx this gives the lemma. ut

4.2.3. To give an isomorphism

t∗ct(y)(M
d ⊗ Lx)→M d ⊗ Lx+dφ(y)

is therefore equivalent to giving a section of

(M d ⊗ Lx)(ct(y)).

Therefore the section ψ(y)dτ(y, x) defines a morphism, which we denote by
the same letter,

ψ(y)dτ(y, x) : t∗ct(y)(M ⊗ Lx)→M d ⊗ Lx+dφ(y). (4.2.3.1)

4.2.4. Let β : HS → OB be a morphism sending the nonzero elements of HS

to the nilradical of OB . Define P to be the integral points of Cone(1, XR) ⊂
R⊕XR, and define

R = ⊕(d,x)∈PM d ⊗ Lx
to be the quasi–coherent sheaf of algebras with algebra structure defined as
in 3.1.10.2. We let P̃ denote the scheme Proj

A
(R). As in 3.1.10 there is a

natural log structure MfP so that we have a log smooth integral morphism
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(P̃,MfP)→ (B,MB), (4.2.4.1)

where MB denotes the log structure associated to β. As in 3.1.14, there is a
natural action of G on (P̃,MfP) over (B,MB) and the maps 4.2.3.1 define
an action of Y on P̃ commuting with the G–action, together with a natural
lifting of Y to the line bundle O fP(1). Taking the quotient by the Y –action
we obtain a log smooth integral morphism

(P,MP)→ (B,MB),

a G–action on (P,MP) over (B,MB), and a relatively ample invertible sheaf
LP on P. We refer to this collection of data as the standard family.

Remark 4.2.5. As in 3.1.21, the actions of Y and TX on the line bundle
O fP(1) do not commute but rather satisfy the “Heisenberg relation”: For
sections y ∈ X and u ∈ T (B) with resulting automorphisms Ty and Su of
(P̃,MfP ,O fP(1)), we have

u(y) ◦ Su ◦ Ty = Ty ◦ Su, (4.2.5.1)

where Gm acts on (P̃,MfP ,O fP(1)) via multiplication on O fP(1).

Proposition 4.2.6. Let f : P → B denote the structural morphism. Then
f∗LP is locally free of rank d on B and the formation of f∗LP commutes
with arbitrary base change.

Proof. We can without loss of generality assume that B is affine and look at
global cohomology.

It follows from the construction that

H0(P, LP) ' H0(P̃,O fP(1))Y . (4.2.6.1)

If π : P̃ → A is the projection, then by the same argument used in the proof
of 3.3.6 the sheaf π∗O fP(1) is isomorphic to

∏
x∈X M ⊗ Lx. It follows that

H0(P̃,O fP(1))Y = (
∏
x∈X

H0(A,M ⊗ Lx))Y . (4.2.6.2)

Thus choosing liftings xi ∈ X of the elements of X/Y we see that H0(P, LP)
is noncanonically isomorphic to∏

xi

H0(A,M ⊗ Lxi). (4.2.6.3)

From this and standard base change properties of ample sheaves on abelian
varieties the proposition follows. ut
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Remark 4.2.7. The isomorphism

H0(P, LP) ' (
∏
x∈X

H0(A,M ⊗ Lx))Y (4.2.7.1)

shows that in the case when B is a field, there is a Zariski dense open subset of
H0(P, LP) consisting of sections whose zero loci do not contain any G-orbits.

4.2.8. Fix positive integers g and d. Let T g,d be the stack over Z which to
any scheme B associates the groupoid of data

(G,MB , f : (P,MP)→ (B,MB), LP)

such that:

(i) G is a semi-abelian scheme of relative dimension g over B.
(ii) MB is a fine log structure on B.
(iii) f is log smooth and G acts on (P,MP) over (B,MB).
(iv) For every geometric point b̄→ B, the fiber (Gb̄,Pb̄,MPb̄

, LPb̄
) is isomor-

phic to the collection of data obtained from the saturation of the standard
construction. Note in particular that this implies that f∗LP is a locally
free sheaf whose formation commutes with arbitrary base change on B.

(v) The locally free sheaf f∗LP has rank d.

In what follows we will show that a certain rigidification of T g,d provides a
compactification of Ag,d.

4.2.9. Already we can see that once we show that T g,d is algebraic then the
substack Tg,d ⊂ T g,d will be dense.

For this let R be a complete local ring and fix data as in 4.2.1 for
B = Spec(R). Also fix a map β : Hsat

S → R sending all nonzero elements
to the maximal ideal. The map β defines a surjection V [[Hsat

S ]] → R where
V [[Hsat

S ]] is the completion of the monoid algebra V [Hsat
S ] along the ideal

defined by the map to R/mR. We can then lift the data (i)-(vii) in 4.2.1 to
V [[Hsat

S ]] simply by pulling back along the retraction V → V [[Hsat
S ]]. Apply-

ing the standard construction over V [[Hsat
S ]] we obtain a compatible family

of polarized projective schemes (Pn, Ln) with action of a semi-abelian group
scheme Gn over the reductions of V [[Hsat

S ]]. By Grothendieck’s existence the-
orem this family is uniquely algebraizable to a proper polarized scheme (P,L)
over V [[Hsat

S ]]. Furthermore, by [10, Chapter III, section 4] the group schemes
Gn are uniquely algebraizable to a semiabelian group scheme G over V [[Hsat

S ]]
which acts on P . The generic fiber of this polarized scheme with G-action then
gives a point of Tg,d specializing to our given point of T g,d.

4.3 Another interpretation of P̃ → P

4.3.1. Let B be a scheme, and fix data as in 4.2.1 defining the standard
family
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(P,MP , LP)→ (B,MB). (4.3.1.1)

Let f : P → B denote the projection. The morphism f is flat since it is
the underlying morphism of an integral log smooth morphism 1.3.14. Also by
the same argument proving 3.3.4 one sees that the map OB → f∗OP is an
isomorphism (and the same holds after arbitrary base change B′ → B). Let
Pic(P) be the fibered category over B which to any B′ → B associates the
groupoid of line bundles on PB′ . By [5, Appendix], the stack Pic(P) is an
algebraic stack over B and in fact a Gm–gerbe over the relative Picard functor
PicP/B . The stack Pic(P) is in fact a Picard stack (see [6, XVIII] for the
notion of a Picard stack).

We also consider the stack TORSP(X) which to any scheme B′ → B
associates the groupoid of X–torsors over PB′ . The stack TORSP(X) is also
a Picard stack over B.

For any X–torsor P̃ →P, we obtain a functor

FfP : T →Pic(P), (4.3.1.2)

by associating to any u ∈ T = Hom(X,Gm) the Gm-torsor

P̃ ×X,u Gm. (4.3.1.3)

In fact FfP is naturally a morphism of Picard stacks (where T is viewed as
a discrete Picard stack with no nontrivial automorphisms). In this way we
obtain a morphism of Picard stacks

F : TORSP(X)→ HOM(T,Pic(P)), (4.3.1.4)

where the right side of 4.3.1.4 denotes the Picard stack of morphisms of Picard
stacks T →Pic(P).

Theorem 4.3.2 The morphism 4.3.1.4 is an equivalence of Picard stacks.

Proof. The map 4.3.1.4 induces a morphism of fppf sheaves on B

R1f∗X →H om(T,PicP/B). (4.3.2.1)

By [1, 4.2.4] this map is an isomorphism. From this it follows in particular
that any homomorphism T → PicP/B lifts fppf locally on B to a morphism of
Picard stacks T →Pic(P). Therefore HOM(T,Pic(P)) is a Hom(T,Gm) =
X–gerbe over H om(T,PicP/B).

Similarly, TORSP(X) is aX–gerbe over R1f∗X, and the morphism 4.3.1.4
is a morphism of X-gerbes over the isomorphism 4.3.2.1. From this it follows
that 4.3.1.4 is an isomorphism. ut

Proposition 4.3.3. Let π : P̃ ×Y X → P be the X–torsor obtained by
pushing forward along Y ⊂ X the Y –torsor P̃ →P defined in the standard
construction. Then P̃ ×Y X maps under F to the morphism of Picard stacks
T →Pic(P) sending u ∈ T to u∗LP ⊗ L−1

P .
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Proof. By construction the action of T on P̃ lifts to an action on π∗LP . This
lifting of the action defines for any u ∈ T a trivialization of π∗(u∗LP ⊗L−1

P ).
This defines an isomorphism of Gm–torsors

P̃ ×Gm → P̃ ×P (u∗LP ⊗ L−1
P ). (4.3.3.1)

If we let Y act on the left side by

y ∗ (p̃, w) = (Ty(p̃), u(y) · w), (4.3.3.2)

then this isomorphism is even compatible with the Y -actions because of the
Heisenberg relation 4.2.5. Taking the quotient by the Y -action we obtain an
isomorphism

P̃ ×Y,u Gm ' u∗LP ⊗ L−1
P . (4.3.3.3)

ut

4.3.4. As in 3.3.19, we can recover from

(P, LP , G− action) (4.3.4.1)

the paving S, the subgroup Y ⊂ X, and the maps c : X → A and ct : Y → At.
From 4.3.2 and 4.3.3 we recover the X-torsor

Q̃ := P̃ ×Y X. (4.3.4.2)

Let Q̃o denote a connected component of Q̃. We then recover Y ⊂ X as
the subgroup of elements fixing Q̃◦. We also obtain the G-action on Q̃o as
in 3.3.19, as well as a lifting of the TX -action to LoeQ

. Now observe that Y -

torsor P̃ is isomorphic to Q̃o, and that any isomorphism is well-defined up to
composition with translation by an element of Y . Because of the “Heisenberg
relation” (which also holds by the construction in this context) there in fact
exists a unique isomorphism of Y -torsors with line bundles

(P̃, LfP) ' (Q̃o, L eQo) (4.3.4.3)

compatible with the torus actions on the line bundles. In this way we recover
(P̃, LfP) up to unique isomorphism.

As in 3.3.19, we then also obtain a map

f : P̃ → A (4.3.4.4)

well-defined up to translation by an element of A. Define ct : Y → A by
sending y ∈ Y to the unique element ct(y) ∈ A(B) such that the diagram

P̃
ty−−−−→ P̃

f

y yf
A

tct(y)−−−−→ A

(4.3.4.5)
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commutes. As in 3.3.19 we also obtain line bundles L(d,x) on A as the x-
eigenspaces in f∗LdfP and the resulting maps

L(d,x) ⊗ L(s,y) → L(d+s,x+y) (4.3.4.6)

determine the paving S. Finally we recover c : X → At by sending x ∈ X to
the class of the line bundle

L(1,x) ⊗ (L(1,0))−1. (4.3.4.7)

4.4 The Theta group

4.4.1. Let (P,MP) → (B,MB) be a log smooth morphism with polariza-
tion LP and G–action obtained from the standard construction as in the
preceding section. Let G(P,MP ,LP) denote the functor associating to any B–
scheme T the group of automorphisms of the base change (PT ,MPT

, LPT
)

over (T,MB |T ) commuting with the GT –action. Note that there is a natu-
ral inclusion Gm ↪→ G(P,MP ,LP) induced by the action of Gm on LP . The
subgroup Gm ⊂ G(P,MP ,LP) is central. We define

H(P,MP , LP) := G(P,MP ,LP)/Gm.

The main result of this section is the following:

Theorem 4.4.2 (i) The functor G(P,MP ,LP) is a group scheme.
(ii) There is a natural exact sequence

1→ G(A,M )
a−−−−→ G(P,MP ,LP) −−−−→ D(X/Y )×X/Y → 1, (4.4.2.1)

where the map a sends Gm to Gm via the identity map.
(iii) The group scheme H(P,MP , LP) is a finite flat abelian group scheme
of rank d2 = d2

1d
2
2 over B (note that by 4.2.6 d2 is also equal to the square of

the rank of the vector bundle f∗LP on B).
(iv) The pairing

e : H(P,MP , LP)×H(P,MP , LP)→ Gm

sending x, y ∈ H(P,MP , LP) to the commutator x̃ỹx̃−1ỹ−1 is a perfect pair-
ing. Here x̃, ỹ ∈ G(P,MP ,LP) are liftings of x and y. Note that since Gm is
central the expression x̃ỹx̃−1ỹ−1 is independent of the choices.

The proof will be in several steps. In what follows we write just H for the
functor H(A,M ) and G for G(A,M ). Let j : H ↪→ A be the inclusion.

Lemma 4.4.3 ([9, 4.3 (ii)]) Let E′ → H × Y denote the pullback of the
Poincare biextension over A×At by the morphism

j × λM ◦ ct : H × Y → A×At.

Then there is a canonical trivialization σ : H × Y → E′ whose formation is
compatible with arbitrary base change on B.
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Proof. Consider the commutative diagram

A×At A×At

A×A

1×λM

OO

A×A

1×λM

OO

flip
oo

Y ×H

ct×0

??

ct×j

OO

H × Y.
flip
oo

j×ct
OO j×λM◦ct

__ (4.4.3.1)

We then have isomorphisms of biextensions

E′ ' (j × λM ◦ ct)∗B
' (j × ct)∗(1× λM )∗B
' (j × ct)∗flip∗(1× λM )∗B (symmetric structure on B)
' flip∗(ct × j)∗(1× λM )∗B
' flip∗(ct × 0)∗B,

and (ct × 0)∗B is canonically trivialized by 1.2.4. ut

Remark 4.4.4. The trivialization of E′ can be described more explicitly as
follows.

By descent theory it suffices to construct σ fppf locally on B.
Let z ∈ H be a point and y ∈ Y an element. Then the fiber of E′ over

(z, y) is equal to the fiber over z of the rigidified line bundle t∗yM ⊗M−1 ⊗
M (y)−1 ⊗M (0). Equivalently E′(z,y) is isomorphic to the fiber over 0 of the
line bundle

t∗yt
∗
zM ⊗ t∗zM−1 ⊗M (y)−1 ⊗M (0).

Since z ∈ H there exists after replacing B by an fppf cover an isomorphism
t∗zM → M . Choose one such isomorphism ρ : t∗zM → M . The resulting
isomorphism

ρ⊗ ρt : t∗yt
∗
zM ⊗ t∗zM−1 → t∗yM ⊗M−1

is then independent of the choice of ρ (any other choice of ρ differs by multi-
plication by a unit u and (uρ)t = u−1ρt). This isomorphism therefore defines
a canonical section of E′(z,y). We leave to the reader the verification that this
trivialization agrees with the one defined in 4.4.3.

4.4.5. Let E′′ → Y ×X denote the pullback of the Poincare biextension via
the map ct × c : Y × X → A × At, and let E′′′ denote the pullback of the
Poincare biextension to {0} × Y via the map c ◦ φ : Y → At. We then have a
commutative diagram

E′ ←−−−− E′′′ −−−−→ E′′y y y
H × Y ←−−−− {0} × Y −−−−→ Y ×X,
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and hence we get by restriction two maps σ|Y , τ |Y : {0} × Y → E′′′.

Lemma 4.4.6 These two morphisms {0} × Y → E′′′ are equal.

Proof. The fiber of E′′′ over (0, y) is equal to Lφ(y)(0). Since Lφ(y) is rigidified
there is a given section. It follows from the construction of σ that σ|Y (y) in
fact is equal to this section. The same is true of τ |Y . This can be seen by noting
that the restriction of τ to Y × Y is given by the section ψ : Y → φ∗c∗M−1

which shows that the section

τ |Y (y) ∈M (y)⊗M (0)⊗M (y)−1 ⊗M (0)−1

is equal to the section ψ(y) ⊗ 1 ⊗ ψ(y)−1 ⊗ 1, where 1 ∈ M (0) denotes any
rigidification. ut

4.4.7. Let E → (H × Y ) × X denote the biextension obtained by pulling
back the Poincare biextension via the map

(j × ct)× c : (H × Y )×X → A×At, (h, y, x) 7→ (j(h) + ct(y), c(x)).

There is then a commutative diagram

E′ −−−−→ E ←−−−− E′′y y y
H × Y s−−−−→ (H × Y )×X t←−−−− Y ×X,

where s is the map (h, y) 7→ (h, 0, φ(y)) and t is the map (y, x) 7→ (0, y, x).

Lemma 4.4.8 There exists a unique trivialization γ : (H × Y ) ×X → E of
the biextension E such that s∗γ is equal to σ and t∗γ is equal to τ .

Proof. The square
Y

v−−−−→ Y ×X

w

y yt
H × Y s−−−−→ (H × Y )×X

is both cartesian and cocartesian, where v is the map y 7→ (0, φ(y)) and w
is the map y 7→ (0, y). It follows from this and 4.4.6 that there is a unique
morphism of sheaves of sets

γ : (H × Y )×X → E

with s∗γ = σ and t∗γ = τ . We have to check that γ is compatible with
the symmetric biextension structure. This is equivalent to showing that the
following diagrams commute
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(H × Y )× (H × Y )×X +×id−−−−→ (H × Y )×X

p∗13(γ)∧p
∗
23(γ)

y yγ
p∗13E ∧ p∗23E

ϕ−−−−→ E,

(4.4.8.1)

where p13 and p23 are the two projections

(H × Y )× (H × Y )×X → (H × Y )×X, (4.4.8.2)

and
(H × Y )×X ×X id×+−−−−→ (H × Y )×X

q∗12(γ)×q
∗
13(γ)

y yγ
q∗12E ∧ p∗13E

ψ−−−−→ E,

(4.4.8.3)

where q12 and q13 are the two projections

(H × Y )×X ×X → (H × Y )×X. (4.4.8.4)

This follows from the observation that the diagrams

Y
0×0×φ−−−−→ Y × Y ×X

0×0×id

y y
(H ×H)× Y −−−−→ (H × Y )× (H × Y )×X

and
Y × Y 0×φ×φ−−−−−→ Y ×X ×Xy y

H × Y × Y −−−−→ (H × Y )×X ×X
are cocartesian and the fact that s∗γ = σ and t∗γ = τ . ut

4.4.9. Let Ẽ → (G × Y )×X denote the pullback of E and let γ̃ : (G × Y ×
X)→ Ẽ be the pullback of γ. This trivialization γ̃ defines an action of G×Y on
(P̃,MfP ,O fP(1)) whose restriction to {1}×Y is the previously defined action.
This action of G × Y is defined as follows. Let g = (a, ι : t∗aM → M ) ∈ G ,
y ∈ Y be sections. We then define for every (d, x) ∈ P a morphism

σ(d,x)
g,y : t∗a+y(M

d ⊗ Lx)→M d ⊗ Lx+dy. (4.4.9.1)

For this note first that since t∗aM is isomorphic to M , we have noncanonical
isomorphisms

t∗a+y(M
d ⊗ Lx) ' t∗y(M d ⊗ Lx) 'M d ⊗ Lx+dy,
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where the second isomorphism is by 4.2.2. Note also that ι induces an isomor-
phism

t∗a+y(M
d ⊗ Lx) ' t∗yM d ⊗ t∗a+yLx.

Therefore giving the map 4.4.9.1 is equivalent to giving a section of

M d(y)⊗ Lx(a+ y).

We take the section ψ(y)dγ((a, ι), y, x).

Proposition 4.4.10. The maps σ(d,x)
g,y define an action of G × Y on the log

scheme with line bundle (P̃,MfP , LfP).

Remark 4.4.11. Passing to the quotient by the Y –action we obtain the in-
clusion

G ↪→ G(P,MP ,LP)

in 4.4.2.1.

Proof. It suffices to show that for every d, d′ ≥ 0, g = (a, ιa : t∗aM → M ),
g′ = (a′, ιa′ : t∗a′M → M ) ∈ G , y, y′ ∈ Y , and x, x′ ∈ X the following two
diagrams commute:

t∗a+y(M
d ⊗ Lx)⊗ t∗a+y(M d′ ⊗ Lx′)

can

��

σ(d,x)
g,y ⊗σ(d′,x′)

g,y//M d ⊗ Lx+dy ⊗ Lx′+dy′

can

��
t∗a+y(M

d+d′ ⊗ Lx+x′)
σ(d+d′,x+x′)
g,y //M d+d′ ⊗ Lx+x′+(d+d′)y,

(4.4.11.1)

t∗a′+y′t
∗
a+y(M

d ⊗ Lx)

can

��

t∗
a′+y′σ

(d,x)
g,y// t∗a′+y′(M

d ⊗ Lx+dy)

σ
(d,x+dy)
g′,y′

��
t∗a+a′+y+y′(M

d ⊗ Lx)
σ

(d,x)
g+g′,y+y′//M d ⊗ Lx+d(y+y′).

(4.4.11.2)

For the commutativity of 4.4.11.1 note first that by the definition of the
maps σ(d,x)

g,y the result holds if x = 0 and d′ = 0, d = 0 and x′ = 0, or if
x = x′ = 0. It follows that to prove the commutativity of 4.4.11.1 it suffices
to consider the following two cases:

Case 1: d = d’ = 0. In this case we are asking for the commutativity of
the diagram

(t∗a+yLx)⊗ (t∗a+yLx′)
γ̃(g,y,x)⊗γ̃(g,y,x′)−−−−−−−−−−−−→ Lx ⊗ L′x

can

y ycan

t∗a+yLx+x′
γ̃(g,y,x+x′)−−−−−−−→ Lx+x′ ,

(4.4.11.3)
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which holds by the additivity of γ̃ in x.
Case 2: x = x′ = 0, and d = d′ = 1. In this case we are asking for the

commutativity of the following diagram:

t∗a+y(M )⊗ t∗a+y(M ) ιa⊗ιa //

can

��

t∗yM ⊗ t∗yM

ψ(y)⊗ψ(y)

��
t∗a+yM

2

ι2a
��

M ⊗ Ly ⊗M ⊗ Ly

can

��
t∗yM

2 ψ(y)2 //M 2 ⊗ L2y,

(4.4.11.4)

which is immediate.
For the commutativity of 4.4.11.2, consideration of the diagram

t∗a′+y′t
∗
a+yM

d ⊗ t∗a′+y′t∗a+yLx

can

''

σ(d,0)
g,y ⊗σ(0,x)

g,y//

can

��

t∗a′+y′(M
d ⊗ Ldy)⊗ t∗a′+y′Lx

can

��

σ
(d,dy)
g′,y′ ⊗σ

(0,x)
g′,y′

ww

t∗a′+y′t
∗
a+y(M

d ⊗ Lx)
t∗
a′+y′σ

(d,x)
g,y //

can

��

t∗a′+y′(M
d ⊗ Lx+dy)

σ
(d,x+dy)
g′,y′

��
t∗a+a′+y+y′(M

d ⊗ Lx)
σ

(d,x)
g+g′,y+y′ //M d ⊗ Lx+d(y+y′)

t∗a+a′+y+y′M
d ⊗ t∗a+a′+y+y′Lx

can

OO

σ
(d,0)
g+g′,y+y′⊗σ

(0,x)
g+g′,y+y′// (M d ⊗ Ld(y+y′))⊗ Lx,

can

OO

(4.4.11.5)
shows that it suffices to consider the following two cases.

Case 1: d = 0. In this case we need to show that the diagram

t∗a′+y′t
∗
a+yLx

γ̃(g,y,x) //

can

��

t∗a′+y′Lx

γ̃(g′,y′,x)

��
t∗a+a′+y+y′Lx

γ̃(g+g′,y+y′,x) // Lx

(4.4.11.6)

commutes, which follows from the additivity in the first variable of γ̃.
Case 2: d = 1 and x = 0. In this case we need to show that the diagram
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t∗a′+y′t
∗
a+yM

t∗
a′+y′ ιa //

can

��

t∗a′+y′t
∗
yM

t∗
a′+y′ψ(y)

��
t∗a+a′+y+y′M

ιa+a′

��

t∗a′+y′(M ⊗ Ly)

ιa′

��
t∗y+y′M

ψ(y+y′)

((QQQQQQQQQQQQ
t∗y′M ⊗ t∗a′+y′Ly

ψ(y′)γ̃(g′,y′,y)vvlllllllllllll

M ⊗ Ly′ ⊗ Ly

(4.4.11.7)

commutes.
The map

γ̃(g′, y′, y) : t∗a′+y′Ly → Ly (4.4.11.8)

can be described more explicitly as follows. By the definition of γ̃(g′, y′, y) this
map is the unique map of rigidified line bundles, where t∗a′+y′Ly is rigidified
by the section

τ(y′, y) ∈ Ly′(y) ' Ly′(y)⊗ La′(y) ' Ly′+a′(y) ' Ly(a′ + y′). (4.4.11.9)

It follows that 4.4.11.8 is equal to the composite

t∗a′+y′Ly ' t∗y+y′t∗a′M ⊗ t∗y′t∗a′M−1 ⊗M (y)−1

t∗
y+y′ ιa′⊗t

∗
y′ ι

−1
a′ ⊗1

��
t∗y+y′M ⊗ t∗y′M−1 ⊗M (y)−1

τ(y′,y)

��
t∗yM ⊗M−1 ⊗M (y)−1 ' Ly.

(4.4.11.10)

It follows that the diagram 4.4.11.7 can be identified with the outside octagon
in the following Figure 1:
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The inside diagrams labelled 1,2, 4, and 5 all clearly commute, so to prove
the commutativity of 4.4.11.7 it suffices to prove the commutativity of the
inside diagram 3. This follows from the definition of τ(y′, y). ut

4.4.12. Note that though the action of T on O fP(1) does not commute with
the Y –action, the action of D(X/Y ) ⊂ T does commute with the Y –action.
Therefore there is a canonical action of D(X/Y ) on (P,MP , LP) defining an
inclusion D(X/Y ) ↪→ G(P,MP ,LP). It follows from the preceding discussion
that the elements of D(X/Y ) commute with the sections of G , and hence we
obtain an inclusion

G ×D(X/Y ) ↪→ G(P,MP ,LP).

Lemma 4.4.13 Any automorphism α : (P,MP , LP)→ (P,MP , LP) such
that the automorphism αP : (P,MP) → (P,MP) commutes with the G–
action lifts fppf locally on B to an automorphism

α̃ : (P̃,MfP , LfP)→ (P̃,MfP , LfP)

where α̃P : (P̃,MfP)→ (P̃,MfP) commutes with the G–action.

Proof. Recall from 4.3.2 that there is an equivalence of Picard categories

TORSP(X)→ HOM(T,Pic(P)), (4.4.13.1)

and that under this equivalence the X-torsor P̃ ×Y X → P corresponds to
the map

ρ : T →Pic(P), u 7→ u∗LP ⊗ L−1
P . (4.4.13.2)

From the construction of the equivalence 4.4.13.1 the diagram

TORSP(X) 4.4.13.1−−−−−→ HOM(T,Pic(P))

α∗
y yα∗

TORSP(X) 4.4.13.1−−−−−→ HOM(T,Pic(P))

(4.4.13.3)

is naturally 2–commutative. The lifting of α to LP induces an isomorphism
of functors

α∗ ◦ (4.4.13.1) ' (4.4.13.1), (4.4.13.4)

and hence α also induces an isomorphism α∗(P̃ ×Y X) → P̃ ×Y X of X–
torsors over P. Let

α† : P̃ ×Y X → P̃ ×Y X

be the resulting lifting of α. For every scheme–valued section u ∈ G the
diagram
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P̃ ×Y X α†−−−−→ P̃ ×Y X

u

y yu
P̃ ×Y X α†−−−−→ P̃ ×Y X

commutes up to translation by an element ρ(u) ∈ X. This defines a morphism
of schemes ρ : G → X which since G is has geometrically connected fibers is
necessarily constant. Since ρ(e) = 0 we have ρ(u) = 0 for all u and hence α†

commutes with the G–action.
Taking the quotient of P̃×Y X by the Y –action we obtain an isomorphism

P × (X/Y )→P × (X/Y )

which modulo the X/Y –action is equal to αP . It follows that there exists an
element x ∈ X such that the composition tx ◦α† (where tx denotes the action
of x on P̃ ×Y X) sends P̃ to itself. Note that the element x ∈ X is unique
up to adding an element of Y . Let

α̃P : (P̃,MfP)→ (P̃,MfP)

be the resulting lifting of αP . The lifting of αP to LP defines a lifting of α̃P

to an isomorphism β̃ : α̃∗PO fP(1)→ O fP(1). ut

4.4.14. The choice of the lifting α̃ is unique up to composition with transla-
tion by an element of Y . If L̃ denotes the scheme associated to the line bundle
O fP(1), then for any local section u ∈ T the diagram

L̃
α̃−−−−→ L̃

u

y yu
L̃

α̃−−−−→ L̃

commutes up to multiplication by a scalar ρ(u) ∈ Gm. This defines a homo-
morphism ρ : T → Gm, or equivalently a section ρ ∈ X. Changing α̃ by y ◦ α̃
for some y ∈ Y changes ρ to ρ+ φ(y). We therefore obtain a canonical map

q : G(P,MP ,LP) → X/Y.

We will show that this map is surjective with kernel G×D(X/Y ). Note already
that if α maps to x̄ ∈ X/Y and u ∈ D(X/Y ) is a section, then uαu−1 is equal
to u(x̄) · α. Hence if we prove that q is surjective with kernel G × D(X/Y ),
then all the statements in 4.4.2 follow.

Lemma 4.4.15 Let α ∈ G(P,MP ,LP) be an automorphism, and let α̃ be a
lifting to (P̃,MfP). Then there exists a unique automorphism ᾱ : A → A
such that the diagram
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P̃
α̃−−−−→ P̃

π

y yπ
A

ᾱ−−−−→ A
commutes. In fact, ᾱ is equal to translation by an element mapping under λM

to c(ρ) ∈ At.

Proof. The existence of the map ᾱ follows from the same argument used
in 3.2.3. Since ᾱ commutes with the translation action it follows that ᾱ is
translation by some element g ∈ A. Looking at T–invariants of π∗O fP(1) one
obtains isomorphisms

t∗g(M ⊗ Lx)→M ⊗ Lx+ρ(α) (4.4.15.1)

for all x. From this it follows that λM (g) = c(ρ(α)). ut

4.4.16. The argument shows in particular that if α ∈ G(P,MP ,LP) is in the
kernel of q then ᾱ is given by translation by an element g ∈ H and the
isomorphism 4.4.15.1 for x = 0 lifts this element to G . This implies that
Ker(q) = G ×D(X/Y ). Indeed changing α by the automorphism defined by
this element of G , we are reduced to considering the case when g = e and
4.4.15.1 for x = 0 is the identity maps. In this case the maps 4.4.15.1 are
given by compatible maps Lx → Lx which commute with the Y –action. We
leave to the reader the task of verifying that such a map is given by an element
of D(X/Y ).

4.4.17. For the surjectivity of q proceed as follows. Let ρ ∈ X be an element.
After replacing B by a finite flat cover we can choose an element α ∈ A with
λM (α) = Lρ. Then t∗αM is isomorphic to M ⊗Lρ. Fix one such isomorphism
ι : t∗αM →M ⊗Lρ. Define λ(y) : t∗αLy → Ly to be the composite (recall that
M is rigidified at 0)

t∗αLy = t∗αt
∗
yM ⊗ t∗αM−1 ⊗M (y)−1

t∗y(ι)⊗ι
t

y
t∗y(M ⊗ Lρ)⊗ (M−1 ⊗ L−1

ρ )⊗M (y)−1

1⊗τ(y,ρ)⊗1⊗1

y
t∗yM ⊗ Lρ ⊗M−1 ⊗ L−1

ρ ⊗M (y)−1 = Ly.

Note that λ(y) does not depend on the choice of ι.

Lemma 4.4.18 The diagram

t∗yt
∗
αM

ι−−−−→ t∗y(M ⊗ Lρ)

ψ(y)

y yψ(y)τ(y,ρ)

t∗α(M ⊗ Ly)
ι⊗λ(y)−−−−→ M ⊗ Ly ⊗ Lρ

(4.4.18.1)
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commutes.

Proof. Locally on A we can choose bases for the line bundles involved as
follows:

line bundle basis
t∗αM u
Lρ l
M n

t∗yt
∗
αM u′

t∗yM n′

t∗yLρ l′.

We can furthermore make these choices so that

ι(u) = n⊗ l, τ(y, ρ)(l′) = l, t∗y(ι)(u
′) = n′ ⊗ l′.

The commutativity of 4.4.18.1 is equivalent to the commutativity of the fol-
lowing diagram:

t∗yt
∗
α(M )

t∗yι−−−−−→ t∗yM ⊗ t∗yLρ

ψ(y)

??y id⊗τ(y,ρ)⊗ψ(y)

??y
t∗α(M )⊗ t∗αt∗y(M )⊗ t∗α(M−1)⊗M (y)−1 t∗yM ⊗ Lρ ⊗M (y)−1

ι⊗t∗yι⊗ι
t

??y ‚‚‚
(M ⊗ Lρ)⊗ t∗yM ⊗ t∗yLρ ⊗M−1 ⊗ L−1

ρ ⊗M (y)−1 σ−−−−−→ Lρ ⊗ t∗yM ⊗M (y)−1.
(4.4.18.2)

Here σ sends m⊗ l⊗m′ ⊗ l′ ⊗ n⊗ t⊗ s to 〈l, t〉 · 〈m,n〉 · τ(y, ρ)(l′)⊗m′ ⊗ s.
This diagram commutes for example by writing out what happens in terms
of our basis:

u′ −−−−→ n′ ⊗ l′y y
u⊗ u′ ⊗ ut ⊗ ψ(y) n′ ⊗ l ⊗ ψ(y)y ∥∥∥

(n⊗ l)⊗ (n′ ⊗ l′)⊗ (n⊗ l)t ⊗ ψ(y) −−−−→ l ⊗ n′ ⊗ ψ(y).

ut

Lemma 4.4.19 For any y, y′ ∈ Y the diagram

tα(Ly+y′)
λ(y+y′)−−−−−→ Ly+y′

t∗αcan

y ycan

t∗αLy ⊗ t∗αLy′
λ(y)⊗λ(y′)−−−−−−−→ Ly ⊗ Ly′

(4.4.19.1)

commutes.
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Proof. The morphism λ(y) : t∗αLy → Ly is determined by the induced isomor-
phism t∗αLy(0) ' Ly(α)→ Ly(0) ' k(y), where the last isomorphism is given
by the rigidification on Ly. In other words, λ(y) is specified by a section of

Ly(α) = M (y + α)⊗M (y)−1 ⊗M (α)−1 = λM (α)(y) = Lρ(y).

By construction, the section corresponding to λ(y) is the section τ(y, ρ) ∈
Lρ(y). With this description, the commutativity of 4.4.19.1 is equivalent to the
statement that under the isomorphism provided by the biextension structure

Lρ(y)⊗ Lρ(y′)→ Lρ(y + y′),

the element τ(y, ρ) ⊗ τ(y′, ρ) maps to τ(y + y′, ρ). This is true since τ is
compatible with the biextension structure. ut

4.4.20. Let PicA denote the Picard stack of line bundles on A. Viewing X
as a “discrete” Picard stack we have two morphisms of Picard stacks

F, t∗αF : X →PicA, F (x) = Lx, t∗αF (x) = t∗αLx.

Here the isomorphisms

F (x+ x′) ' F (x)⊗ F (x′), t∗αF (x+ x′) ' t∗αF (x)⊗ t∗αF (x′)

are given by the unique isomorphisms Lx+x′ ' Lx ⊗ L′x which are compati-
ble with the rigidication. The above elements λ(y) define an isomorphism of
functors Y →PicA

λ : t∗αF |Y → F |Y .

Lemma 4.4.21 After replacing B by an fppf cover, there exists an isomor-
phism λ̃ : t∗αF → F of morphisms of Picard stacks whose restriction to Y is
equal to λ.

Proof. Since X is a free group and t∗αLx is non–canonically isomorphic to Lx,
there exists by [6, XVIII.1.4.3] an isomorphism δ : t∗αF → F of morphisms of
Picard stacks. Moreover, one sees easily that δ is unique up to multiplication
by a homomorphism u : X → Gm (in other words, for such a homomorphism
we can define a new morphism δ′ by δ′(x) = u(x)δ(x)). The restriction of
δ to Y may not equal λ, but will differ by a homomorphism v : Y → Gm.
After replacing B by an fppf cover there exists a homomorphism u : X → Gm

extending v. Setting λ̃ equal to u · δ we obtain the desired extension. ut

4.4.22. Fix one such isomorphism λ̃ : t∗αF → F so we have for every x ∈ X
an isomorphism λ̃(x) : t∗αLx → Lx such that for x, x′ ∈ X the diagram

t∗αLx ⊗ t∗αLx′
λ̃(x)⊗λ̃(x′)−−−−−−−→ Lx ⊗ Lx′

'
y y'

t∗α(Lx+x′)
λ̃(x+x′)−−−−−→ Lx+x′
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commutes. Define

β(d, x) : t∗α(M d ⊗ Lx)→M d ⊗ Ldρ ⊗ Lx 'M d ⊗ Lx+dρ

to be the map ι⊗d ⊗ λ̃(x).

Lemma 4.4.23 For any (d, x), (d′, x′) ∈ P the diagram

t∗α(M d ⊗ Lx)⊗ t∗α(M d′ ⊗ Lx′)
β(d,x)⊗β(d′,x′)−−−−−−−−−−→ M d ⊗ Ldρ ⊗ Lx ⊗M d′ ⊗ Ld′ρ ⊗ Lx′

'
y y'

t∗α(M d+d′ ⊗ Lx+x′)
β(d+d′,x+x′)−−−−−−−−−→ M d+d′ ⊗ Ld+d′ρ ⊗ Lx+x′

is commutative.

Proof. This is clear from the construction. ut

4.4.24. The maps β(d, x) therefore define a morphism of graded algebras
t∗αR → R on A. We thus obtain an automorphism α̃ of the log scheme
(P̃,MfP) together with a morphism β̃ : t∗α̃O fP(1) → O fP(1). Note that the
automorphism of (P̃,MfP) is equal to the automorphism provided by the
action of G and the observation that the elements λ̃(x) define a point α̃ ∈ G
over α ∈ A. The following lemma now shows that (α̃, β̃) descends to a point
of G(P,MP ,LP) mapping to the class of ρ in X/Y .

Lemma 4.4.25 The map β : t∗αR → R commutes with the Y –action. Equiv-
alently, for any y ∈ Y and (d, x) ∈ P the diagram

t∗yt
∗
α(M d ⊗ Lx)

β(d,x)−−−−→ t∗y(M
d ⊗ Ldρ ⊗ Lx)

ψ(y)dτ(y,x)

y yψ(y)dτ(y,x+dρ)

t∗α(M d ⊗ Ldy ⊗ Lx)
β(d,x+dρ)−−−−−−−→ M d ⊗ Ldρ ⊗ Ldy ⊗ Lx

(4.4.25.1)

commutes.

Proof. The diagram 4.4.25.1 is obtained by tensoring the diagram

t∗yt
∗
αLx

t∗αλ̃(x)−−−−→ t∗yLx

t∗ατ(y,x)

y yτ(y,x)
t∗αLx

λ̃(x)−−−−→ Lx

(4.4.25.2)

with



136 4 Moduli of abelian varieties with higher degree polarizations.

t∗yt
∗
α(M d) ιd−−−−→ t∗y(M

d ⊗ Ldρ)

ψ(y)d
y yψ(y)dτ(y,dρ)

t∗α(M d ⊗ Ldy)
ιd⊗λ(y)d−−−−−−→ M d ⊗ Ldρ ⊗ Ldy.

(4.4.25.3)

That 4.4.25.2 commutes follows from the construction (the maps determined
by going around each way of the diagram are both determined by the section
τ(y, x) ⊗ τ(y, ρ) ∈ Lx(y) ⊗ Lx(α) ' Lx(y + α)), and the commutativity of
4.4.25.3 follows from raising each vertex in 4.4.18.1 to the d–th power. ut

4.4.26. Note that if α is the element of G(P,MP ,LP) constructed above map-
ping to ρ ∈ X/Y then for u ∈ D(X/Y ) we have

u ◦ α = u(ρ)α ◦ u.

In fact it follows from the constructions that the image of α inH(P,MP , LP)
is in the center (since the automorphism of (P̃,MfP) defined by α is given
by the action of α̃ ∈ G), and hence H(P,MP , LP) is abelian and the map
e in (4.4.2 (iv)) makes sense. It follows that if γ ∈ G(P,MP ,LP) is an element
with e(γ, τ) = 0 for all τ then γ is in H. But by [30, Part I, Theorem I] the
restriction of e to H is non–degenerate whence (iv). This completes the proof
of 4.4.2. ut

Proposition 4.4.27. If B is the spectrum of an algebraically closed field k,
then there is a unique irreducible representation ρ : G(P,MP ,LP) → GL(V )
over k such that ρ(λ)(v) = λv for λ ∈ Gm and v ∈ V (we say that ρ has
weight 1). The dimension of V is equal to d, and if W is any weight one
representation of G(P,MP ,LP) then W is isomorphic to a direct sum of copies
of ρ.

Proof. This is shown in [14, 8.32]. ut

4.5 Deformation Theory

4.5.1. Let
B′ → B → B0

be a diagram of surjective morphisms of noetherian rings with nilpotent ker-
nels. Assume that B0 is an integral domain and J = Ker(B′ → B) is a square
zero–ideal with J a B0–module. We fix the following data:

(i) A semiabelian scheme G′/B′ with reduction G (resp. G0) to B (resp.
B0). We assume that G′ is a split semiabelian scheme so that there is an
extension

0→ T → G′ → A′ → 0
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with T a split torus and A′ an abelian scheme over B′. If X denotes
Hom(T,Gm) then this extension is given by a homomorphism c′ : X →
(A′)t. Let c : X → At (resp. c0 : X → At0) denote the reduction to B
(resp. B0).

(ii) Let φ : Y ↪→ X be a subgroup of finite index and ct : Y → A a homomor-
phism.

(iii) Let S be a regular paving of XR.
(iv) Let M be a rigidified ample line bundle on A such that the diagram

Y
φ−−−−→ X

ct

y yc
A

λM−−−−→ At

commutes.
(v) Fix trivializations τ : Y ×X → (ct × c)∗B−1 and ψ : Y → (ct)∗M−1 as

in (4.2.1 (vi) and (vii)).
(vi) Let β : HS → B′ be a homomorphism sending all nonzero elements to the

radical of B′. This homomorphism defines a log structure MB′ . Let MB

(resp. MB0) denote the pullback to Spec(B) (resp. Spec(B0)).

Let
(P,MP , LP)→ (Spec(B),MB)

be the polarized log scheme with G–action obtained from the standard con-
struction.

We define the notion of a log smooth deformation of

(P,MP , LP , G− action) (4.5.1.1)

as in 3.3.2.

Proposition 4.5.2. Let (P ′,MP′ , LP′ , G′ − action) be a log smooth defor-
mation of (P,MP , LP , G− action) to (Spec(B′),MB′). Then there exists a
lifting M ′ of M to A′ and maps

c′t : Y → A′, ψ′ : Y → c
′t∗M ′−1, τ ′ : Y ×X → (ct × c)∗B′−1

as in (4.2.1 (vi) and (vii)) lifting ct, c, and τ such that (P ′,MP′ , LP′ , G′ −
action) is isomorphic to the polarized family with G′–action obtained from the
standard construction using this data.

Proof. Since the argument is very similar to the one in 3.3.3 we sketch the
proof leaving some of the details to the reader.

By the same argument used in 3.3.3 the deformation (P ′,MP′ , LP′ , G′−
action) defines a deformation

(P̃ ′,MfP′ , LfP′ , Y − action, G′ − action)
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of
(P̃,MfP , LfP , Y − action, G− action).

Let f : P̃ → A be the projection. Then as in 3.3.8 the scheme Z ′ =
(|A|, f∗O fP′) is a deformation of A to B′, and the action of G′ on P̃ ′ in-
duces an action of A′ on Z ′. Choosing a point of Z ′ we obtain a morphism
f ′ : P̃ ′ → A′ lifting f .

By the same argument used in the proof of 3.3.3 there exists a lifting
M ′ of M to A′ such that (P̃ ′,MfP′ , LfP′) is isomorphic to the log scheme
obtained from the standard construction using M ′. Thus the only issue is how
to describe the Y –action.

By the same argument used in 3.3.16 there exists a unique homomorphism
c′t : Y → A′ such that for every y ∈ Y the diagram

P̃ ′ sy−−−−→ P̃ ′

f ′
y yf ′
A′

tc′t(y)−−−−→ A′

(4.5.2.1)

commutes, where sy denotes the action of y on P̃. By the same argument
used in (loc. cit.) we have the relation λM ′c′t = c′φ. Thus the Y –action is
given by isomorphisms

ι(d,x)y : t∗c′t(y)(M
′d ⊗ Lc′(x))→M ′d ⊗ Lc′(x+φ(dy)).

As in 3.3.17 giving such isomorphisms is equivalent to giving maps ψ′ and τ ′

as in the proposition. ut

4.6 Isomorphisms without log structures

4.6.1. Let B be a scheme and

(G,MB ,P, LP ,MP), (G′,M ′
B ,P

′, LP′ ,MP′) ∈ T g,d(B)

two objects of T g,d. Let I denote the functor on the category of B–schemes
classifying triples of isomorphisms

σ : G→ G′, γ : P →P ′, ι : γ∗LP′ → LP

such that the diagram
G×P

action−−−−→ P

σ×γ
y yγ

G′ ×P ′ action−−−−→ P ′

commutes. We will use write just (G,P, LP) → (G′,P ′, LP′) for such a
collection of isomorphisms.
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Proposition 4.6.2. The functor I is a quasi–projective scheme.

Proof. Let I(P,P ′) denote the functor classifying isomorphisms P → P ′.
Since P and P ′ are projective and flat over B, the functor I(P,P ′) is a
disjoint union of quasi–projective schemes (it is equal to an open subfunctor
of the Hilbert scheme of P ×P ′). Let I((P, LP), (P ′, LP′)) denote the
functor of pairs γ : P → P ′ and ι : γ∗LP′ → LP . For any u ∈ Gm(B) we
can change the isomorphisms ι to u · ι, and therefore the is a natural action of
Gm on I((P, LP), (P ′, LP′)). Let F denote the quotient sheaf (with respect
to the fppf topology) I((P, LP), (P ′, LP′))/Gm. There is a natural forgetful
map π : F → I(P,P ′).

Lemma 4.6.3 The morphism π identifies F with a closed subscheme of
I(P,P ′). In particular, since I((P, LP), (P ′, LP′)) is a Gm–torsor over
F , the functor I((P, LP), (P ′, LP′)) is a disjoint union of quasi–projective
schemes.

Proof. For any point σ ∈ I(P,P ′) the fiber product F ×I(P,P′),σ B is rep-
resented by the fiber product of the diagram

PicP/B

∆

y
B

[LP ]×[σ∗LP′ ]−−−−−−−−−→ PicP/B × PicP/B .

Since PicP/B is a separated algebraic space by [3, 7.3] the result follows. ut

Next consider the forgetful map I → I((P, LP), (P ′, LP′)). We claim that
this map is representable by closed immersions. For this fix a pair of isomor-
phisms γ : P →P ′ and ι : γ∗LP′ → LP . The fiber product

F := I ×I((P,LP),(P′,LP′ )),(γ,ι) B

is then equal to the functor which to any B–scheme B′ associates the set of
isomorphisms β : G→ G′ such that the diagram

GB′ ×PB′
action−−−−→ PB′

β×γ
y yγ

G′B′ ×P ′
B′

action−−−−→ P ′
B′

(4.6.3.1)

commutes.

Lemma 4.6.4 The functor F is a subfunctor of B.

Proof. We have to show that for any B′ → B as above there exists at most
one isomorphism β : G→ G′ such that 4.6.3.1 commutes. For this it suffices to
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consider the case when B′ is an Artinian local ring. In this case P ′ and P are
given by the standard construction. It follows from the standard construction
that the maximal open subschemes P ′reg ⊂ P ′ and Preg ⊂ P where the
structure morphism is smooth have the property that if we fix points e′ ∈
P ′reg and e ∈Preg then the maps

G′ →P ′reg, g 7→ g(e′)

and
G→Preg, g 7→ g(e)

are open immersions. If we choose e′ = γ(e) then the diagram

G
g 7→g(e)−−−−−→ P

β

y yγ
G′

g′ 7→g′(e′)−−−−−−→ P ′

commutes and hence β is determined by γ. ut
Lemma 4.6.5 The structural map F → B is represented by closed immer-
sion.

Proof. After replacing B by an étale cover, we can find a section θ ∈ f∗LP

such that (G,P, LP , θ) and (G′,P ′, LP′ , ι(θ)) define two points s, s′ of Alex-
eev’s space A Alex

g,d (B). Since A Alex
g,d has finite diagonal the projection

B ×s,A Alex
g,d ,s′ B → B

is a finite morphism, and by the above the map

B ×A Alex
g,d

B → I((P, LP), (P ′, LP′))

is a closed immersion. The desired closed subscheme of B is then the fiber
product

(B ×A Alex
g,d

B)×I((P,LP),(P′,LP′ )),(γ,ι) B ⊂ B.
ut

It follows that I is a disjoint union of quasi–projective schemes. To conclude
the proof of 4.6.2 it therefore suffices to show that I is quasi–compact. For
this let U (resp. U ′) denote the open subset of the total space of f∗LP (resp.
f ′∗LP′) classifying sections giving (G,P, LP) (resp. (G′,P ′, LP′)) the struc-
ture of a point in A Alex

g,d . If s, s′ ∈ A Alex
g,d (U ×B U ′) denote the tautological

objects then we have a commutative diagram

IsomA Alex
g,d

(s, s′) π−−−−→ I

q-compact

y y
U ×B U ′ q-compact−−−−−−→ B,

where π is surjective. It follows that I is also quasi–compact. This completes
the proof of 4.6.2. ut
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4.7 Algebraization of formal log structures

In this section we gather together some technical results about algebraization
of formal log structures needed in what follows.

Proposition 4.7.1. Let X be a noetherian scheme and F1 and F2 two con-
structible sheaves of sets on X. Suppose given for every point x ∈ X a mor-
phism fx̄ : F1,x̄ → F2,x̄ of sets with continuous Gal(x̄/x)–action such that for
every specialization η → x the diagram

F1,x̄
fx̄−−−−→ F2,x̄

sp

y ysp

F1,η̄
fη̄−−−−→ F2,η̄

(4.7.1.1)

commutes, where the arrows labelled sp are the specialization morphisms. Then
there exists a unique morphism of sheaves f : F1 → F2 inducing the maps fx̄
on stalks.

Proof. We proceed by noetherian induction. If X is zero–dimensional the re-
sult is clear. For the induction step, note that by proper descent for étale
sheaves it suffices to consider the case when X is an integral normal scheme.
Let j : U ⊂ X be a dense open subset such that the restrictions Fi,U of the
sheaves Fi to U are locally constant, and let i : Z ↪→ X be the complement.
If η ∈ U is the generic point then the category of locally constant sheaves on
U is equivalent to a full subcategory of the category of sets with continuous
action of Gal(η̄/η). The map fη̄ : F1,η̄ → F2,η̄ therefore induces a morphism
fU : F1,U → F2,U . By the induction hypothesis we also have a morphism
fZ : F1,Z → F2,Z . Now recall that the category of sheaves on X is equivalent
to the category of triples (MU ,MZ , φ) where MU is a sheaf on U , MZ is a
sheaf on Z, and φ : MZ → i∗j∗MU is a morphism of sheaves on Z. To con-
struct the morphism f it therefore suffices to show that the following diagram
commutes

F1,Z −−−−→ i∗j∗F1,U

fZ

y yfU
F2,Z −−−−→ i∗j∗F2,U ,

where the horizontal arrows are the natural maps i∗Fi → i∗j∗j
∗Fi. Looking

at a point x ∈ Z this amounts to the commutativity of the diagram

F1,x̄
fx̄−−−−→ F2,x̄

sp

y ysp

F1,η̄
fη̄−−−−→ F2,η̄

which holds by assumption. ut
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Theorem 4.7.2 Let A be a complete noetherian local ring with maximal ideal
a and f : X → Spec(A) a proper morphism of schemes. For n ≥ 0 let Xn

denote X ⊗A (A/an+1). Then the natural functor between groupoids

(fine log structures on X)y
(compatible families of fine log structures on the Xn)

(4.7.2.1)

is fully faithful.

Proof. Let M1 and M2 be two fine log structures on X and let Mi,n denote
the pullback of Mi to Xn. Assume given a compatible family of isomorphisms
σn : M1,n → M2,n. We have to show that there exists a unique isomorphism
σ : M1 →M2 inducing the σn.

We first construct the map σ̄ : M1 → M2. Note that the map σ̄ is nec-
essarily unique. For if η ∈ X is any point then since X is proper over A the
closure of η contains a point x ∈ X0. The resulting diagram

M1,x̄
σ̄x̄−−−−→ M2,x̄

sp

y ysp

M1,η̄
σ̄η̄−−−−→ M2,η̄

must then commute, where the vertical arrows are the surjective specialization
maps. Therefore σ̄x̄ determines σ̄η. On the other hand, the map σ̄x̄ is equal to
the map induced by the σn. By the uniqueness, we can therefore replace A by
a finite extension. We choose a finite extension as follows. Let {Zj ⊂ X} be
a stratification by irreducible locally closed subschemes such that the sheaves
M i are locally constant when restricted to Zj , and let Zj ⊂ X denote the
scheme–theoretic closure of Zj . After replacing A by a finite extension and
refining our stratification we can assume that the closed fiber of each Zj is
connected.

We first define for every point η ∈ X an isomorphism fη̄ : M1,η̄ → M2,η̄.
For this let Z denote the scheme–theoretic closure of η in X. Since X is proper
over Spec(A) there exists a point x ∈ Z ∩X0. We then have a diagram

M1,x̄
σ̄x̄−−−−→ M2,x̄

π1

y yπ2

M1,η̄ M2,η̄,

where the vertical arrows are surjections. We claim that the morphism σx̄
descends to a morphism fη̄ : M1,η̄ → M2,η̄. For this note that if Fi ⊂ M i,x̄

denotes the face of elements f ∈ M i,x̄ such that for any lifting f̃ ∈ Mi,x̄ the
image of α(f) in OZ,x̄ is non-zero, then M i,η̄ is the quotient of M i,x̄ by Fi.
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Lemma 4.7.3 The map σ̄x̄ : M1,x̄ →M2,x̄ maps F1 to F2.

Proof. Let ÔX,x̄ denote the completion with respect to mA ·OX,x̄ of the local
ring OX,x̄ and let M̂i denote the pullback of Mi to Spec(ÔX,x̄). The iso-
morphisms σn then induce an isomorphism of log structures σ̂x̄ : M̂1 → M̂2

inducing σ̄x̄. The lemma then follows by noting that Fi is equal to the image
in M i,x̄ of the submonoid

{m ∈ M̂i,x̄|α(m) 6= 0 in ÔX,x̄}. (4.7.3.1)

ut

We therefore obtain a morphism fxη̄ : M1,η̄ →M2,η̄.

Lemma 4.7.4 The map fxη̄ is independent of the choice of x ∈ Z.

Proof. Suppose η lies in a stratum Zj , and let η′ ∈ Zj be the generic point.
Then x is also in the closure of η′ and by the construction there is a commu-
tative diagram

M1,x̄
σ̄x̄−−−−→ M2,x̄

π1

y yπ2

M1,η̄

fxη̄−−−−→ M2,η̄

π′1

y yπ′2
M1,η̄′

fx
η̄′−−−−→ M2,η̄′ .

where the maps π′i are isomorphisms since both η and η′ lie in Zj . It therefore
suffices to consider the case when η is the generic point of Zj . In this case the
scheme Z has connected closed fiber and therefore it suffices to show that if
x′ ∈ Z ∩X0 is a second point with x′ specializing to x then the maps fxη̄ and
fx

′

η̄ are equal. But this is clear for we have a commutative diagram

M1,x̄
σ̄x̄−−−−→ M2,x̄

π1

y yπ2

M1,x̄′
σ̄x
x̄′−−−−→ M2,x̄′

π′1

y yπ′2
M1,η̄

fxη̄−−−−→ M2,η̄.

ut
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In what follows we write just fη̄ for fxη̄ (for any choice of x).
To construct σ̄, it therefore suffices by 4.7.1 to show that for any two points

η, η′ ∈ X with η′ specializing to η the diagram

M1,η̄
fη̄−−−−→ M2,η̄

sp

y ysp

M1,η̄′
fη̄′−−−−→ M2,η̄′

commutes. Let x be a point in the closed fiber of the closure of η. Then by
the construction there is a commutative diagram

M1,x̄
σ̄x̄−−−−→ M2,x̄y y

M1,η̄
fη̄−−−−→ M2,η̄y y

M1,η̄′
fη̄′−−−−→ M2,η̄′

where the vertical maps are surjections. This therefore completes the con-
struction of σ̄ : M1 →M2.

To lift the map (uniquely) to an isomorphism of log structures σ : M1 →
M2 proceed as follows. Let Q be the functor on X–schemes associating to any
f : T → X the set of isomorphisms of log structures f∗M1 → f∗M2 inducing
f−1(σ̄) : f−1M1 → f−1M2. Then as in 3.9.2 the functor Q is a separated
algebraic space over X. The maps σn are then given by a compatible family of
sections sn : Xn → Qn which since X is proper over A is induced by a unique
section s : X → Q (using the Grothendieck existence theorem for algebraic
spaces [37, 1.4]). This gives the desired isomorphism σ. This completes the
proof of 4.7.2. ut

4.8 Description of the group Hgp
S

Lemma 4.8.1 The map

s : X ×X → Hgp
S , (x, y) 7→ (1, x+ y) ∗ (1, 0)− (1, x) ∗ (1, y)

is bilinear and symmetric.

Proof. The map s is clearly symmetric. It therefore suffices to show that for
x, y1, y2 ∈ X we have

s(x, y1 + y2) = s(x, y1) + s(x, y2).
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For any element (d, x) ∈ P write (d, x) ∈ lim−→ω
P gp
ω for the image under the

map 3.1.3.1. We compute

s(x, y1) + s(x, y2)
= (1, x+ y1) ∗ (1, 0)− (1, x) ∗ (1, y1) + (1, x+ y2) ∗ (1, 0)− (1, x) ∗ (1, y2)
= (1, x+ y1 + y2) ∗ (1, y2)− (1, x+ y2) ∗ (1, y1 + y2) + (1, x+ y2) ∗ (1, 0)
−(1, x) ∗ (1, y2)

= (1, x+ y1 + y2) + (1, y2)− (2, x+ y1 + 2y2)− (1, x+ y2)− (1, y1 + y2)
+(2, x+ y1 + 2y2) + (1, x+ y2) + (1, 0)− (2, x+ y2)− (1, x)− (1, y2)
+(2, x+ y2)

= (1, x+ y1 + y2) + (1, 0)− (2, x+ y1 + y2)− (1, x)− (1, y1 + y2)
+(2, x+ y1 + y2)

= (1, x+ y1 + y2) ∗ (1, 0)− (1, x) ∗ (1, y1 + y2)
= s(x, y1 + y2).

ut

We write also s : S2X → Hgp
S for the induced map from the second

symmetric power.

4.8.2. The map s can also be described as follows. Let Z(X) = ⊕x∈XZ · x
denote the free abelian group generated by X, with X-action induced by
translation on X. For any abelian group N with X-action we then have a
canonical isomorphism of groups

HomX(Z(X), N) ' N, (4.8.2.1)

where the left side denotes morphisms of X-representations. In particular,
Z(X) is a projective X-representation. From this it also follows that

H0(Z(X)) ' Z. (4.8.2.2)

As before let P gp denote the X-representation with underlying abelian
group Z⊕X and X-action given by

y ∗ (n, x) = (n, x+ ny). (4.8.2.3)

Let
π : Z(X) → P gp (4.8.2.4)

be the surjection given by

(nx)x 7→ (
∑

nx,
∑

nx · x), (4.8.2.5)

and let K denote the kernel of π.
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Consider the exact sequence of X-representations

0 −−−−→ X
x7→(0,x)−−−−−→ P gp

(n,x) 7→n−−−−−−→ Z −−−−→ 0, (4.8.2.6)

where X acts trivially on X and Z. By direct calculation one sees that this
induces an isomorphism

H0(P gp) ' H0(Z) ' Z. (4.8.2.7)

We therefore obtain an exact sequence

H2(Z)→ H1(X)→ H1(P gp)→ H1(Z)→ X → 0. (4.8.2.8)

4.8.3. The homology of the trivial X-representation Z can be computed as
follows. Consider the surjection

p : Z(X) → Z (4.8.3.1)

sending (nx)x to
∑
nx. The kernel V consists of elements (nx)x such that∑

nx = 0. Every such element can be written uniquely as∑
x

nx(1x − 10), (4.8.3.2)

where 1x denotes the generator of the x-component in Z(X). The kernel V
of p is therefore isomorphism to the free abelian group on the generators
ζx := 1x − 10 with X-action given by

y ∗ ζx = ζx+y − ζy. (4.8.3.3)

In particular
H1(Z) ' H0(V ) ' X, (4.8.3.4)

from which it follows that the map H1(Z)→ X in 4.8.2.8 is an isomorphism.
We therefore have a short exact sequence

H2(Z)→ H1(X)→ H1(P gp)→ 0. (4.8.3.5)

Lemma 4.8.4 The map

H1(X) ' H1(Z)⊗X ' X ⊗X → H1(P gp) (4.8.4.1)

in 4.8.2.8 induces an isomorphism

Γ 2(X) = X ⊗X/Λ2X → H1(P gp). (4.8.4.2)

Proof. This is shown in [1, 5.1.4]. ut
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4.8.5. The map
X ⊗X → H1(P gp) (4.8.5.1)

can be described explicitly as follows. From the commutative diagram

0 // V ⊗X

c

��

// Z(X) ⊗X
q

��

p⊗1 // X //

��

0

0 // K // Z(X)
π // P gp // 0

, (4.8.5.2)

where q is the map sending 1x ⊗ y to 1y+x − 1x, we see that the map 4.8.5.1
sends x⊗ y to the class in H0(K) ' H1(P gp) of

1y+x − 1x − 1y + 10 ∈ K ⊂ Z(X). (4.8.5.3)

Note that from this formula it is also clear that 4.8.5.1 descends to a map
Γ 2X → H1(P gp).

Lemma 4.8.6 The map c in 4.8.5.2 is surjective.

Proof. We can expand the diagram 4.8.5.2 into a diagram

0 // V ⊗X

c

��

// Z(X) ⊗X
e

��

p⊗1 // X //

id

��

0

0 // K

id

��

// V

��

// X

��

// 0

0 // K // Z(X)
π // P gp // 0

, (4.8.6.1)

Now observe that
ζx = e(10 ⊗ x) (4.8.6.2)

in V so the map e is surjective. From this it follows that c is also surjective.
ut

4.8.7. Now observe that there is a commutative diagram

0 −−−−→ K −−−−→ Z(X) π−−−−→ P gp −−−−→ 0y b

y y'
0 −−−−→ H̃gp

S −−−−→ lim−→ω
P gpω −−−−→ P gp −−−−→ 0,

(4.8.7.1)

where b is the map sending 1x to (1, x), which upon taking homology induces
a morphism

Γ 2X ' H0(K)→ H0(H̃
gp
S ) = Hgp

S . (4.8.7.2)

From the explicit description in 4.8.5 it follows that this map is equal to the
map s.
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Lemma 4.8.8 Let g : P o HS → Q be a morphism of monoids sending HS

to Q≥0, and let A : Z(X) → Q denote the composite

Z(X) b−−−−→ (P oHS)gp
g−−−−→ Q. (4.8.8.1)

Let h : XQ → Q be the function obtained as the lower envelope of the convex
hull of the set

GA := {(x,A(1x))|x ∈ X} ⊂ XQ ×Q. (4.8.8.2)

Then for every z ∈ XQ we have

h(z) =
1
N
g(N,Nz), (4.8.8.3)

where N is any integer such that Nz ∈ X.

Proof. By definition h(z) is equal to the infimum of the numbers∑
i

aig(1, xi), (4.8.8.4)

taken over all possible ways of writing z =
∑
i aixi with ai ∈ Q≥0,

∑
ai = 1,

and xi ∈ X. Let ω ∈ S denote a simplex containing z and write z =
∑
aiyi

as above with yi ∈ ω. If N is an integer such that Nai ∈ Z for all i we then
obtain∑

aig(1, yi) =
1
N

[
∑

(Nai)g(1, yi)]

=
1
N

(
∑

g(Nai, Naiyi))

=
1
N
g(

∑
Nai,

∑
(Nai)yu) (since g is linear on Pω)

=
1
N
g(N,Nz).

It therefore suffices to show that for any other expression z =
∑r
j=1 bjxj and

positive integer N such that Nai, Nbj ∈ Z for all i, j we have

1
N
g(N,Nz) ≤

r∑
j=1

bjg(1, xj), (4.8.8.5)

or equivalently
r∑
j=1

(Nbj)g(1, xj) ≥ g(N,Nz). (4.8.8.6)

For this note that
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r∑
j=1

(Nbj)g(1, xj) =
r∑
j=1

g(Nbj , Nbjxj)

=
∑

(N(
∑

bj), N
∑

bjxj)

+
r−1∑
j=1

g((Nbj+1, Nbj+1xj+1) ∗ (
j∑
i=1

Nbi,

j∑
i=1

Nbixi))

= g(N,Nz)

+
r−1∑
j=1

g((Nbj+1, Nbj+1xj+1) ∗ (
j∑
i=1

Nbi,

j∑
i=1

Nbixi))

and

r−1∑
j=1

g((Nbj+1, Nbj+1xj+1) ∗ (
j∑
i=1

Nbi,

j∑
i=1

Nbixi)) ≥ 0 (4.8.8.7)

by assumption. ut

Lemma 4.8.9 Let g : HS → Q≥0 and let B denote the quadratic form

S2X
s // Hgp

S

g // Q. (4.8.9.1)

Then B is positive semidefinite and the paving S′ associated to the quadratic
function a(x) := B(x, x)/2 on X as in 3.1.1 is coarser than S, and the map
g factors through HS′ .

Proof. That B is positive semidefinite is clear since s(x⊗ x) ∈ HS .
Let

A : Z(X) → Q (4.8.9.2)

denote the function sending 1x to a(x). Note first of all that the induced map

A : K → Q (4.8.9.3)

descends to a map H0(K) → Q. Indeed by 4.8.6 the map c : V ⊗X → K is
surjective and

A(c(ζx ⊗ y)) = A(1y+x)−A(1y)−A(1x) +A(10)

=
1
2
[B(x+ y, x+ y)−B(y, y)−B(x, x)]

= B(x, y).

On the other hand, for any z ∈ X we also have

A(z · c(ζx ⊗ y)) = A(1y+x+z)−A(1y+z)−A(1x+z) +A(1z) (4.8.9.4)
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which an elementary calculation shows is also equal to B(x, y).
Since B(x, y) = g(s(x ⊗ y)) the above in fact shows that there is a com-

mutative diagram

K //

��

Z(X)

��

��
Hgp
S

g //

// (P oHS)gp

h

%%J
J

J
J

J

Q,

(4.8.9.5)

where the arrow h is obtained by noting that the left square in the commuta-
tive diagram

0 −−−−→ K −−−−→ Z(X) −−−−→ P gp −−−−→ 0y y y
0 −−−−→ Hgp

S −−−−→ (P oHS)gp −−−−→ P gp −−−−→ 0

(4.8.9.6)

is cocartesian. Now by 4.8.8 the paving S′ is equal to the domains of linearity
of the function on XQ given by

x 7→ 1
N
h(N,Nx), (4.8.9.7)

where N is any integer such that Nx ∈ X. From this the proposition follows.
ut

Corollary 4.8.10 Let g̃ : lim−→P gpω → Q be a piecewise linear function such
that the induced map H̃gp

S → Q descends to Hgp
S . Assume the quadratic form

S2X
s−−−−→ Hgp

S

g̃−−−−→ Q (4.8.10.1)

is trivial. Then g̃ is a linear map.

Proof. By 4.8.9 the map g̃ descends to a map P gp → Q. ut

Corollary 4.8.11 The map sQ : S2X ⊗Q→ Hgp
S ⊗Q is surjective.

Proof. It suffoces to show that the map

Hom(Hgp
S ,Q)→ Hom(S2X,Q) (4.8.11.1)

is injective, which follows from 4.8.10. ut
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Lemma 4.8.12 Let B0 be a positive semidefinite quadratic form S2X →
Q, and define U(B0) ⊂ Hom(S2X,Q) to be the set of positive semidefinite
quadratic forms B whose associated paving of XR is coarser than the paving
SB0 defined by B0. Then U(B0) is a cone in Hom(S2X,Q) and U(B0)gp =
Hom(S2X,Q).

Proof. This follows from the theory of the “second Voronoi decomposition”
[33, Part I, §2]. ut

In fact, as explained in [33, Part I, 2.5] the collection of the cones U(B0)
form a GL(X)-invariant cone decomposition of the monoid of positive semi-
definite real quadratic forms. In particular, any face of U(B0) is again of the
form U(B′) for some B′.

Lemma 4.8.13 The map sQ is injective.

Proof. It suffices to show that any quadratic form B : S2X → Q extends to a
map Hgp

S → Q. Since any such quadratic form can be written as a difference
of two positive definite quadratic forms it further suffices to consider the case
when B is positive definite. Let us first recall how to associate to such a
B : S2X → Z a paving SB of XR. Set A(x) := B(x, x)/2, and consider the set

GA := {(x,A(x))|x ∈ X} ⊂ XQ ×Q.

The convex hull of this set is the graph of a piecewise linear function gB :
XQ → Q. The X–invariant paving SB of XR is defined to be the domains of
linearity of gB . Define g̃B : PQ → Q to be the function

g̃B(x, d) := dgB(x/d).

If (d, x) and (l, y) are in the same cone, we have

g̃B(d+ l, x+ y) = (d+ l)gB(
x+ y

d+ l
)

= (d+ l)gB(
d

d+ l
(x/d) +

l

d+ l
(y/l))

= (d+ l)[
d

d+ l
gB(x/d) +

l

d+ l
gB(y/l)]

= dgB(x/d) + lgB(y/l)
= g̃B(d, x) + g̃B(l, y).

Therefore g̃B is piecewise linear on PQ and hence defines a map

h̃B : H̃gp
SB ,Q → Q (4.8.13.1)

by
(d, x) ∗ (l, y) 7→ g̃B(d+ l, x+ y)− g̃B(d, x)− g̃B(l, y). (4.8.13.2)
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Next note that

h̃B((1, x+ y) ∗ (1, 0))− h̃B((1, x) ∗ (1, y))

= g(x+ y) + g(0)− 2gB(
x+ y

2
) + 2g(

x+ y

2
)− g(x)− g(y)

= A(x+ y)−A(x)−A(y)
= B(x+ y, x+ y)/2−B(x, x)/2−B(y, y)/2
= B(x, y).

Fix z ∈ XQ. By the argument used in the proof of 3.1.2 there exists a
linear function L : XQ → Q such that for any x ∈ XQ we have

gB(x+ z) = gB(x) + L(x). (4.8.13.3)

From this one deduces by an elementary calculation that for any element
z ∈ XQ and elements (d, x), (l, y) ∈ PQ we have

h̃B((d, x) ∗ (l, y)) = h̃B((d, x+ dz) ∗ (l, y + lz)), (4.8.13.4)

and therefore h̃B descends to a map hB : HSB ,Q → Q. Furthermore the
composite

S2XQ
sQ−−−−→ Hgp

SB ,Q
hB−−−−→ Q

is equal to B.
It follows that any morphism B : S2X → Q defined by a positive definite

quadratic form B such that S is a refinement of SB factors though Hgp
S . Since

the cone of such quadratic forms generate the space Hom(S2X,Q) the lemma
follows. ut

Summarizing:

Proposition 4.8.14. The map s induces an isomorphism

sQ : S2XQ → Hgp
S,Q. (4.8.14.1)

Lemma 4.8.15 The isomorphism Hom(Hgp
S ,Q) ' Hom(S2X,Q) identifies

Hom(HS ,Q≥0) with the cone U(B) (where B is the quadratic form defining
S and U(B) is defined in 4.8.12).

Proof. If g ∈ Hom(HS ,Q≥0) is an element with associated quadratic form
Bg, then

Bg(x, x) = g((1, 2x) ∗ (1, 0)) ≥ 0. (4.8.15.1)

It follows that Bg is positive semidefinite. Furthermore the paving defined by
Bg is coarser than S by 4.8.9. This shows that Hom(HS ,Q≥0) is contained in
U(B). Conversely, the proof of 4.8.13 shows that any B′ ∈ U(B) is obtained
from an element in Hom(HS ,Q≥0). ut
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Proposition 4.8.16. Let F ⊂ Hsat
S be a face. Then the quotient Hsat

S /F is
isomorphic to Hsat

S′ /(torsion) for some regular paving S′ such that S refines
S′.

Proof. Set

F ∗ = {g ∈ Hom(HS ,Q≥0)|g(F ) = 0} ⊂ Hom(HS ,Q≥0) = U(B). (4.8.16.1)

The F ∗ is a face of U(B) and therefore equal to U(B′) for some B′. Let S′

be the paving defined by B′ (which is coarser than S), and let π : HS → HS′

be the natural surjection. We claim that π induces an isomorphism πsat :
Hsat
S /F → Hsat

S′ /(torsion).
To check that π descends to Hsat

S /F and that the induced map is injective,
it suffices to show that the corresponding map on duals

Hom(HS′ ,Q≥0)→ Hom(Hsat
S ,Q≥0) (4.8.16.2)

descends to a surjection

Hom(HS′ ,Q≥0)→ Hom(Hsat
S /F,Q≥0). (4.8.16.3)

This we have already shown as both sides in fact are identified with U(B′).
Thus it remains to see that Hsat

S → Hsat
S′ /(torsion) is surjective. For this

note that the projection π : HS → HS′ induces a morphism π̄ : HS′ →
Hsat
S /F . Since Hsat

S /F is saturated (being the quotient of a saturated monoid
by a face), the map π̄ extends uniquely to a map Hsat

S′ → Hsat
S /F . This map

is surjective since the composite Hsat
S → Hsat

S′ → Hsat
S /F is surjective, and

induces an isomorphism on the associated groups tensored with Q. It follows
that the induced map

Hsat
S′ /(torsion)→ Hsat

S /F (4.8.16.4)

is an isomorphism. ut

Lemma 4.8.17 Let B : S2X → Q be a positive semi-definite quadratic form
and let X1 ⊂ X be a subgroup such that B(x, y) = 0 for all x, y ∈ X1. Then
B factors through S2X, where X := X/X1.

Proof. Assume there exists x ∈ X and y ∈ X1 such that B(x, y) 6= 0. After
possibly replacing y by −y we may assume that B(x, y) > 0. Then for any
integer r we have

B(x− ry, x− ry) = B(x, x)− 2rB(x, y). (4.8.17.1)

Choosing r sufficiently big this will be negative which is a contradiction. ut

4.8.18. Let B : S2X → Q be a quadratic form defining S′ and let X1 ⊂ X
be the subspace of elements x ∈ X for which B(x,−) is the zero map.

Let X denote the quotient X/X1. Note that X is a torsion free abelian
group. Then B descends to a non-degenerate quadratic form B : S2X → Q
and S′ is equal to the inverse image in X of the paving S

′
defined by B on X.

Let P denote the integral points of Cone(1, XR) ⊂ R×XR,
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Lemma 4.8.19 The projection HS′ → HS
′ is an isomorphism.

Proof. For ω̄ ∈ S′, let Pω̄ ⊂ P denote the submonoid corresponding to the
inverse image of ω̄ under the bijection S′ → S

′
, and let P ω̄ ⊂ P be the

submonoid defined by ω̄. For every ω̄ ∈ S′, the kernel of the map

P gpω̄ → P
gp

ω̄ (4.8.19.1)

is canonically isomorphic to X1. Indeed there is a canonical inclusion

X1 ↪→ P gpω̄ , x 7→ (d, y + x)− (d, y), (4.8.19.2)

where (d, y) ∈ Pω̄ is any element (we leave to the reader the verification
that this is independent of the choice of (d, y) and is a homomorphism). If
(d, y) ∈ P gpω̄ ⊂ P gp ' Z⊕X is an element mapping to zero in P

gp ' Z⊕X,
then we must have d = 0 and y ∈ X1.

Since the map HS′ → HS
′ is clearly surjective, it suffices to prove that the

induced map on groups
ξ : Hgp

S′ → Hgp

S
′ (4.8.19.3)

is injective. For this consider the commutative diagram

0

��

0

��
lim−→ω̄

X1

��

// X1

��
0 // H̃gp

S′

��

// lim−→ω̄
P gpω̄

��

// P gp

��

// 0

0 // H̃gp

S
′ // lim−→ω̄

P
gp

ω̄
// P

gp // 0.

(4.8.19.4)

Since XR is connected the map

lim−→̄
ω

X1 → X1 (4.8.19.5)

is an isomorphism. It follows that H̃gp
S′ → H̃gp

S
′ is injective and hence an

isomorphism. Applying H0(−) we deduce that ξ is an isomorphism. ut

Lemma 4.8.20 Let M be a sharp saturated monoid and ρ : (P o HS) ⊕HS
HS → M a morphism sending at least one positive degree element q of P to
zero. Then ρ factors through P oHS.
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Proof. Consider the map ρgp : (P o HS) ⊕HS HS → Mgp defined by ρ. The
kernel of the map

((P oHS)⊕HS HS)gp → (P oHS)gp (4.8.20.1)

is canonically isomorphic to X1, by consideration of the commutative diagram

0 −−−−→ Hgp
S −−−−→ (P oHS)gp −−−−→ P gp −−−−→ 0y y y

0 −−−−→ Hgp

S
−−−−→ (P oHS)gp −−−−→ P

gp −−−−→ 0

(4.8.20.2)

and noting that the kernel of P gp → P
gp

is isomorphic to X1. It follows that
the obstruction to ρ descending to a map from PoHS is a map o : X1 →Mgp.

This map o can be described as follows. Let q ∈ P be an element with
ρ(q) = 0 in M , and let ω ∈ S be a simplex such that q ∈ Pω. The restriction
of ρ to Pω then factors through a morphism

ρω : Pω,q →M. (4.8.20.3)

Now observe that the inclusion X1 ⊂ P gpω lifts to an inclusion X1 ⊂ Pω,q by
writing q = (d, y) and sending x ∈ X1 to

(d, y + x1)− (d, y) ∈ Pω,q. (4.8.20.4)

It follows that X1 ⊂ P ∗ω,q and that the map o is equal to the map obtained
by restricting ρω to X1. Since M is sharp the map

P ∗ω,q →M (4.8.20.5)

induced by ρω,q is zero, which implies that o is also zero. ut

4.9 Specialization

Theorem 4.9.1 Let f : (P,MP) → (B,MB) be a log smooth proper mor-
phism of fine saturated log schemes, let L be a relatively ample line bundle on
P, and let G/B be semiabelian group scheme over B acting on (P,MP) over
(B,MB). Then the condition that the geometric fiber of (P,MP , L)/(B,MB)
is isomorphic to the standard construction is represented by an open subset of
B.

The proof will be in several steps.

4.9.2. We first consider the following special case. Let B = Spec(V ) be a
complete discrete valuation ring with generic point η ∈ B and closed point
s ∈ B. Assume that the torus of Gη is split so that we have an extension
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0→ D(X)→ Gη → G1,η → 0,

where X is a finitely generated free abelian group and G1,η is an abelian
variety. Since V is normal, the torusD(X) extends uniquely to a torusD(X) ⊂
G over V [10, I.2.9]. Let G1/V denote the quotient G/D(X). Then G1 is a
semi-abelian scheme over V . We further assume that the torus of the closed
fiber Gs is split. The reductions of G then define an extension over Spf(V )

0→ D(X)→ G̃→ A→ 0,

and there is a natural inclusion D(X) ⊂ D(X) defining a surjection X → X.
Let X1 ⊂ X be the kernel. Assume that the closed fiber (Ps,MPs

, Ls)
is obtained from the standard construction. Then by 4.5.2 we know that
(P,MP , LP) is obtained by algebraizing the standard construction over the
reductions.

In particular, we obtain a paving S of XR, maps c, ct, ψ, and τ over V , and
a chart β : Hsat

S →MB such that (P,MP , L) is obtained from the standard
construction using this data.

4.9.3. Recall [1, 4.2.4] that there is an isomorphism of fppf sheaves on
Spec(V ).

R1f∗X →H omGp(TX ,Pic(P)),

and similarly
R1f∗X 'H omGp(TX ,Pic(P)). (4.9.3.1)

Now we have a map

ρ : TX → Pic(P), u 7→ u∗L⊗ L−1.

which therefore defines a global section of R1f∗X. After replacing V by a finite
flat covering we can assume this class is obtained from a class in H1(P, X).
Let Q̃1 →P denote the corresponding X–torsor.

Lemma 4.9.4 The G-action on P lifts uniquely to a G-action on Q̃1.

Proof. The uniqueness of the lifting can be seen as follows. If ρ1 and ρ2 are
two liftings then we get a map G→ X sending g to ρ1(g)ρ2(g)−1 ∈ X (since
Q̃1 is an X–torsor over P and the two actions on P coincide). Such a map
must necessarily be constant since G is geometrically connected

Let f : TX → Pic(P) denote the morphism corresponding to Q̃1 under the
isomorphism 4.9.3.1 (so f(u) = [u∗L ⊗ L−1]). By the theorem of the square
[1, 4.1.6 and 4.1.7], for any section g ∈ G we have

g∗(u∗L⊗ L−1) ' u∗L⊗ L−1. (4.9.4.1)

Therefore g∗Q̃1 is isomorphic to Q̃1.
For g ∈ G let Wg denote the X-torsor of isomorphisms
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g̃ : Q̃1 → Q̃1 (4.9.4.2)

of X-torsors over g : P →P. For two sections g, g′ ∈ G the map

Wg ×Wg′ →Wgg′ (4.9.4.3)

sending (g̃, g̃′) to the composite

Q̃1
g̃′−−−−→ Q̃1

g̃−−−−→ Q̃1
(4.9.4.4)

defines an isomorphism
Wg ∧Wg′ →Wgg′ . (4.9.4.5)

In this way we obtain a morphism of Picard stacks

W : G→ TORS(X). (4.9.4.6)

We want to show that this morphism is trivial. By [6, XVIII.1.4.5] the iso-
morphism class of W is classified by an element in the group

Ext0(G,X → 0) ' Ext1(G,X), (4.9.4.7)

where the complex X → 0 has X in degree −1. The result therefore follows
from the fact that

Ext1(G,X) = 0 (4.9.4.8)

which follows from noting that if

0→ X → E → G→ 0 (4.9.4.9)

is an extension, then the connected component of E maps isomorphically to
G and hence the sequence is split. ut

4.9.5. Let L eQ1
denote the pullback of L to Q̃1. By the construction of the

functor F in 4.3.1.4, the action of D(X) lifts to an action on L eQ1
. This lifting

is unique up to twisting by a character χ : D(X)→ Gm.

4.9.6. Let Q̃1,n denote the reduction modulo mn+1
V . Then Q̃1,n can be de-

scribed as follows. The surjection X → X induces a commutative diagram

H1(Pn, X) −−−−→ Hom(D(X),Pic(Pn))y y
H1(Pn, X) −−−−→ Hom(D(X),Pic(Pn)).

(4.9.6.1)

Let P̃n →Pn denote the space 4.2.4.1 used in the standard construction, and
let R̃n denote the X-torsor P̃n×Y X. Then it follows from the commutativity
of 4.9.6.1 that (Q̃1,n, L eQ1,n

) is isomorphic to (R̃n/X1, L eRn/X1). Moreover,
by the uniqueness of the lifting of the D(X)–action we can choose such an
isomorphism compatibly with the D(X)–actions.
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4.9.7. By the same argument used in 4.2.9 we can lift (G,P,MP , L) to
Spec(V [[Hsat

S ]]) with the log structure defined by the natural map Hsat
S →

V [[Hsat
S ]. Let G → Spec(V [[HS ]]) be the resulting semiabelian scheme. The

generic fiber of G is abelian and has a polarization λ. By the construction
in [10, Chapter II §2] we then have the dual semiabelian scheme G t over
V [[Hsat

S ]] and an isogeny G → G t inducing the polarization on the generic
fiber. Let Gt be the pullback to V (along the morphism V [[Hsat

S ]] → V ) of
G t and λ : G→ Gt the induced isogeny. Since the map G→ Gt is an isogeny
the toric part of Gtη is a quotient of D(X) and in particular is split. Let
D(Y ) ⊂ Gt denote the closure of the toric part of the generic fiber, and let
Gt1 denote the quotient Gt/D(Y ). The surjection D(X) → D(Y ) dualizes to
an inclusion Y ⊂ X. If D(Y ) denote the toric part of Gts then the inclusion
Y ⊂ X is the inclusion used in the standard construction, and by the same
reasoning as above we have Y → Y such that the diagram

Y −−−−→ Xy y
Y −−−−→ X

commutes. In particular, Y is just the image of Y in X. Let Y1 ⊂ Y denote
the kernel of Y → Y .

Lemma 4.9.8 The chart β : Hsat
S →MB induces an isomorphism

Hsat
S
/(torsion)→MB,η (4.9.8.1)

for some regular paving S of XR.

Proof. Consider the deformation (G ,P†, L†) of (G,P, L) to V [[Hsat
S ]] pro-

vided by the argument used in 4.2.9. Choose a map

Spec(W )→ Spec(V [[Hsat
S ]]) (4.9.8.2)

withW a complete discrete valuation ring sending the closed point of Spec(W )
to η and the generic point to the generic point of Spec(V [[Hsat

S ]]). Let ν be a
valuation on W . We then obtain a quadratic form

B : S2X
s // Hgp

S

β // Frac(W )∗ ν // Z. (4.9.8.3)

This quadratic form is positive semidefinite as the image of HS in W has non-
negative valuation. By [10, III.10.2 and the discussion preceding this theorem]
this quadratic form in fact descends to a positive definite quadratic form
(which we denote by the same letter)

B : S2X → Z. (4.9.8.4)
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Let S denote the paving on XR defined by this quadratic form. By 4.8.9
and 4.8.19 the map HS → Q≥0 defined by ν factors through HS . On the
other hand, since B is positive definite the map Hsat

S
/(torsion)→ Q sends all

nonzero elements to positive elements of Z by 3.1.8. ut

Lemma 4.9.9 There exists a unique Y –torsor P̃1 → P with an isomor-
phism P̃1 × YX ' Q̃1.

Proof. From the short exact sequence

0→ Y → X → X/Y → 0

we obtain a short exact sequence

0→ H1(P, Y )→ H1(P, X)→ H1(P, X/Y ).

Let o ∈ H1(P, X/Y ) denote the image of the class defined by Q̃1. We have to
show that o = 0. By the proper base change theorem [6, XII.5.1] it suffices to
show this after reducing modulo the maximal ideal of V (note that X/Y is a
torsion constructible sheaf). But in this case we have R̃0 ' P̃0× YX whence

Q̃1,0 ' (P̃0 × YX)/X1 ' P̃0/Y1 ×Y X,

where Y1 denotes the kernel of Y → Y . ut

Lemma 4.9.10 The G-action on Q̃1 restricts to a G-action on P̃1.

Proof. This can be verified over the closed fiber, where it follows from the fact
that the G-action on Q̃n is induced by a G-action on P̃n. ut

4.9.11. Let us describe the torsor P̃1,η in more detail.
Denote by P1 the intersection of P with Cone(1, X1,R) ⊂ Cone(1, XR). We

then obtain a graded subalgebra

⊕(d,x)∈P1M
d ⊗ Lx ⊂ ⊕(d,x)∈PM d ⊗ Lx. (4.9.11.1)

Define
W̃ := Proj

A
(⊕(d,x)∈P1M

d ⊗ Lx) (4.9.11.2)

The restrictions of ψ and τ to X1 and Y1 ×X1 respectively define an action
of Y1 on W̃ together with its tautological line bundle LfW . Also by the same
argument as in 3.1.14 we obtain an action of the semiabelian group scheme
G1 on W̃ and a lifting to LfW of the restriction of this action to TX1 .

The scheme W̃ has a natural log structureMfW and the structure morphism
extends naturally to a morphism

(W̃ ,MfW )→ (Spec(V ),MV ). (4.9.11.3)
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The log structure MfW defined as in 3.1.10 by locally on A choosing a trivial-
ization of M and compatible trivializations of the Lx’s and then noting that
W̃ is isomorphic to

Proj
A
(OA ⊗Z[HS ] Z[P1 oHS ]). (4.9.11.4)

The inclusion 4.9.11.1 defines a rational map

f : P̃ //___
W̃ (4.9.11.5)

compatible with the G and G1-actions. Note that the maximal open set Ũ ⊂
P̃ where f is defined is dense in the closed fiber of P̃, Y1-invariant, and f
extends to a map of log schemes

f : (Ũ ,M fU )→ (W̃ ,MfW ). (4.9.11.6)

Lemma 4.9.12 After possibly replacing V by a finite extension, the generic
fiber W̃η with its D(X1)-action is isomorphic to

Spec
A
(OA[X1]) (4.9.12.1)

with the standard action of D(X1).

Proof. Let K denote the field of fractions of V , and let F ⊂ HS be the face
of elements mapping to units in K. After possibly replacing V by a finite
extension, we can find a homomorphism ρ : P1 o HS → K∗ such that the
restriction to F is equal to the composite

F // HS
β // K∗. (4.9.12.2)

The map of algebras over Aη

ρ∗ : ⊕(d,x)∈P1oHSM d
η ⊗ Lx,η → ⊕(d,x)∈P1oHSM d

η ⊗ Lx,η (4.9.12.3)

which in degree (d, x) is equal to multiplication by ρ(d, x) then extends to a
commutative diagram of log schemes

(W̃η,MfWη
) −−−−→ (W̃η,MfWη

)y y
Spec(HS

β→K) a−−−−→ Spec(HS
β′→K),

(4.9.12.4)

where β sends all elements of F to 1 and a is the morphism which is the
identity on K and given on log structures by the map

HS → K∗ ⊕HS , h 7→ (ρ(h)−1, h). (4.9.12.5)
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From this it follows that it suffices to consider the case when HS → K factors
through HS .

From the isomorphism

(P1 oHS)⊕HS HS ' P1 ⊕HS (4.9.12.6)

we see that W̃η is isomorphic to

Proj
A
(OA[P1]). (4.9.12.7)

Next observe that for any nonzero element (d, x) ∈ P1, the localized monoid
P1,(d,x) is isomorphic to P gp1 . Indeed if (l, y) ∈ P1 then in P1,(d,x) we have

d(l, y) + d(l, 2lx− y) = (2dl, 2dlx) (4.9.12.8)

and hence (l, y) is invertible in P1,(d,x).
Therefore

Proj
A
(OA[P1]) ' Proj

A
(OA[P gp1 ]) ' Spec

A
(OA[X1]). (4.9.12.9)

ut

Lemma 4.9.13 (i) The rational map on the generic fiber

fη : P̃η
//___ W̃η (4.9.13.1)

is a morphism.
(ii) The log scheme with D(X)-action (P̃η,MfPη

) over W̃η is étale locally

on W̃η isomorphic to

ProjfWη
(OfWη

⊗Z[HS ] Z[P oHS ]), (4.9.13.2)

where the map HS → OfWη
sends all nonzero elements to 0.

Proof. Locally on A we can make identifications

W̃ ' Proj
A
(OA ⊗Z[HS ] Z[P1 oHS ]), (4.9.13.3)

and
P̃η ' Proj

A
(OA ⊗Z[HS ] Z[P oHS ]) (4.9.13.4)

such that the map f is induced by the map

Z[P1 oHS ]→ Z[P oHS ]. (4.9.13.5)

Over the generic fiber, we can after possibly changing the chart β so that
HS → K factors through HS as in the proof of 4.9.12, identify the map fη
with the map
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Proj
Aη

(OAη ⊗Z[HS ] Z[(P oHS)⊕HS HS ]) //___ Spec
Aη

(OAη [X1])

(4.9.13.6)
induced by the inclusion

P1 ⊕HS ' (P1 oHS)⊕HS HS ↪→ (P oHS)⊕HS HS (4.9.13.7)

and the natural identification of X1 with the degree 0 elements in any local-
ization of P1 (see again the argument in 4.9.12).

To prove (i), it suffices to show that if (d, x) ∈ P is an element then the
image of P1 in the localization

((P oHS)⊕HS HS)(d,x) (4.9.13.8)

is contained in the units. This follows from noting that for any element
(1, y)) ∈ P1 we have

(d− 2, x) + (1, y) + (1,−y) = (d, x). (4.9.13.9)

This proves (i).
For (ii) note that there is an isomorphism of (log) schemes over the scheme

Spec
Aη

(OAη [X1])

Proj
Aη

(OAη ⊗Z[HS ] Z[(P oHS)⊕HS HS ])

' Proj
Aη

(OAη ⊗Z[HS ] Z[P gp1 ⊕P1 ((P oHS)⊕HS HS)]).

From the commutative diagram

P gp1

��

P gp1

��
0 // Hgp

S
// (P oHS)gp ⊕HgpS Hgp

S

��

// P gp //

��

0

0 // Hgp

S
// (P oHS)gp // P

gp // 0

(4.9.13.10)

it follows that the projection

P gp1 ⊕P1 ((P oHS)⊕HS HS)→ P oHS (4.9.13.11)

identifies P oHS with the quotient of

P gp1 ⊕P1 ((P oHS)⊕HS HS) (4.9.13.12)

by the subgroup P gp1 .
We claim that the projection 4.9.13.11 admits a section inducing a decom-

position



4.9 Specialization 163

P gp1 ⊕P1 ((P oHS)⊕HS HS) ' (P oHS)⊕ P gp1 . (4.9.13.13)

For this it suffices to construct a section of the map on groups

(P oHS)gp ⊕HgpS Hgp

S
→ (P oHS)gp. (4.9.13.14)

Such a section exists since this projection induces an isomorphism on torsion
subgroups (both torsion subgroups being equal to the torsion subgroup of
Hgp

S
). Fixing one such decomposition 4.9.13.13 we obtain an isomorphism

P̃η ' W̃η ×Aη Proj
Aη

(OAη ⊗Z[HS ] Z[P oHS ]) (4.9.13.15)

as desired. ut

4.9.14. Let p : XR → XR denote the projection. For ω̄ ∈ S let Pω ⊂ P
denote the integral points of the cone Cone(1, p−1(ω̄)) ⊂ R⊕XR. Define

P̃ω̄ ⊂ P̃ (4.9.14.1)

to be the closed subscheme

Proj
A
(OA ⊗Z[HS ] Z[Pω oHS ]) ⊂ Proj

A
(OA ⊗Z[HS ] Z[P oHS ]) (4.9.14.2)

induced by the projection

OA ⊗Z[HS ] Z[P oHS ]→ OA ⊗Z[HS ] Z[Pω̄ oHS ] (4.9.14.3)

sending an element p ∈ P to 0 unless p ∈ Pω̄ and to p ∈ Pω̄ otherwise (note
that this gives a map of algebras for if p, q ∈ P are two elements whose images
in P lie in distinct cones then p∗q maps to zero in OA). The subscheme P̃ω̄ is
Y1-invariant, and hence we obtain a compatible collection of closed subspaces

Pω̄,n := P̃ω̄,n/Y1 ⊂ P̃n/Y1 = P̃1,n. (4.9.14.4)

Lemma 4.9.15 For every n the scheme Pω̄,n is projective over Bn, with
ample line bundle LPω̄,n the sheaf obtained by descent from the Y1-linearized
invertible sheaf O fPn

(1).

Proof. Since P̃n is locally of finite type over Bn, the space Pω̄,n is also locally
of finite type over Bn. It therefore suffices to prove that Pω̄,n is quasi-compact.
For this we may as well assume that n = 0 in which case Pω̄,0 is a scheme
over k := V/mV .

For each ω ∈ S let Pω,0 ⊂ P̃0 denote the closed subscheme

Proj
A0

(OA0 [Pω]) ⊂ P̃0. (4.9.15.1)

Then P̃ω̄,0 is the union of those Pω,0 with ω mapping to ω̄ in S. Let q : S → S
be the projection. Then Y1 acts on q−1(ω̄) such that the induced action of
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y ∈ Y1 on P̃ω̄,0 sends Pω,0 to Py(ω),0. It therefore suffices to show that the
set

q−1(ω̄)/Y1 (4.9.15.2)

is finite.This is clear as the elements of this set form a covering of the compact
set

p−1(ω̄)/Y1 ⊂ XR/Y1. (4.9.15.3)

The statement that LPω̄,n
is ample follows from the Nakai-Moishezon

criterion [23, Theorem 2], and the fact that LPω̄,n
pulls back to an ample

sheaf on each P̃ω,n. ut

4.9.16. It follows that the closed subscheme Pω̄,n ⊂ P̃1,n are uniquely al-
gebraizable to closed subschemes

Pω̄ ⊂ P̃1 (4.9.16.1)

which are of finite type and cover P̃1.
Note also that if ω̄, ω̄′ ∈ S are two elements, then the intersection

Pω̄ ∩Pω̄′ ⊂ P̃1 (4.9.16.2)

is equal to Pω̄∩ω̄′ .

4.9.17. By a similar argument to the above, for every integer n the action
of Y1 on W̃n is properly discontinuous, and the line bundle OfW (1) descends
to an ample line bundle LWn

on the quotient

Wn := W̃n/Y1. (4.9.17.1)

By the Grothendieck existence theorem the compatible family

{Wn, LWn} (4.9.17.2)

is therefore induced by a unique projective scheme with ample line bundle
(W,LW )/V .

4.9.18. Let
Γ̃ ⊂ P̃ ×B W̃ (4.9.18.1)

denote the closure of
Γf : U → P̃ ×B W̃ , (4.9.18.2)

and for ω̄ ∈ S let Γ̃ω̄ denote the closure of the restriction of f to U ∩ P̃ω̄.

4.9.19. The scheme Γ̃ can be described as follows. Set

C fP := Spec
A
(⊕(d,x)∈PM d ⊗ Lx), (4.9.19.1)



4.9 Specialization 165

and
CfW := Spec

A
(⊕(d,x)∈P1M

d ⊗ Lx), (4.9.19.2)

and let
fC : C fP → CfW (4.9.19.3)

by the map of schemes defined by the map of sheaves of algebras 4.9.11.1.
The Gm-action on CfW defines a map

C fP ×Gm → C fP ×B CfW , (p, u) 7→ (p, u ∗ fC (p)), (4.9.19.4)

which since the Gm-action on CfW is faithful is an immersion. Let

Z ⊂ C eP ×B CfW (4.9.19.5)

denote the closure of 4.9.19.4. If C ◦fP (resp. C ◦fW ) denotes the complement of

the vertex in C fP (resp. CfW ) then the inverse image of Γ̃ in C ◦fP ×B C ◦fW is
equal to the intersection

Z ∩ (C ◦fP ×B C ◦fW ). (4.9.19.6)

Now the scheme Z can be described as follows. If we locally on A trivialize
M and the Lx’s, then the map 4.9.19.4 is induced by the map of algebras

OA⊗Z[HS ]Z[(PoHS)⊕HS (P1oHS)]→ OA⊗Z[HS ]Z[(PoHS)⊕Z] (4.9.19.7)

induced by the natural inclusion into the first factor

P oHS ↪→ (P oHS)⊕ Z, (4.9.19.8)

and the map
P1 oHS → (P oHS)⊕ Z (4.9.19.9)

induced by the natural inclusion

P1 oHS ↪→ P oHS (4.9.19.10)

and the degree map
deg : P1 oHS → Z. (4.9.19.11)

Now observe that the map 4.9.19.7 factors as a surjection

OA⊗Z[HS ]Z[(PoHS)⊕HS (P1oHS)]→ OA⊗Z[HS ]Z[(PoHS)⊕N] (4.9.19.12)

followed by an inclusion

OA ⊗Z[HS ] Z[(P oHS)⊕ N] ↪→ OA ⊗Z[HS ] Z[(P oHS)⊕ Z]. (4.9.19.13)

It follows that in this local description the scheme Z is equal to

Spec
A
(OA ⊗Z[HS ] Z[(P oHS)⊕ N]). (4.9.19.14)

Note that this description of Z also holds after arbitrary base change
B′ → B.
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Corollary 4.9.20 The projection map Γ̃ → P̃ is of finite type, and for every
integer n the reduction Γ̃n ⊂ P̃n ×Bn W̃n is equal to the scheme-theoretic
closure of the graph of fn : Un → W̃n.

By a similar analysis one also obtains the following:

Corollary 4.9.21 For every ω̄ ∈ S, the projection map Γ̃ω̄ → P̃ω̄ is of finite
type, and for every integer n the reduction Γ̃ω̄,n ⊂ P̃ω̄,n ×Bn W̃n is equal to
the scheme-theoretic closure of the graph of fn : Un ∩ P̃ω̄ → W̃n.

4.9.22. Let Γ̃ω̄,n denote the reduction of Γ̃ω̄,n modulo mn+1. Note that

Γ̃ = ∪ω̄∈SΓ̃ω̄. (4.9.22.1)

Since f is compatible with the Y1-actions, the subscheme Γ̃ω̄ ⊂ P̃ ×B W̃
is a Y1-invariant, where Y1 acts diagonally on P̃ ×B W̃ . Since the action of
Y1 on P̃n ×Bn W̃n is properly discontinuous, the action of Y1 on Γ̃ω̄,n is also
properly discontinuous.

4.9.23. Define
Γω̄,n := Γ̃ω̄,n/Y1 (4.9.23.1)

to be the quotient. The space Γω̄,n comes equipped with an invertible sheaf
LΓω̄,n induced by descent from the Y1-linearized invertible sheaf

p∗1O fP(1)⊗ p∗2OfW (1) (4.9.23.2)

on P̃ ×B W̃ .

Lemma 4.9.24 For every n and ω̄, the space Γω̄,n is proper over Bn and
LΓω̄,n is an ample invertible sheaf on Γω̄,n.

Proof. The proof is very similar to the proof of 4.9.15.
First note that it suffices to consider the case when n = 0. Choose a set of

representatives ω1, . . . , ωr for the finite set q−1(ω̄)/Y1 the map

r∐
i=1

Γω,0 → Γω̄,0 (4.9.24.1)

is surjective. The ampleness of LΓω̄,0 follows as in 4.9.15 from the fact that
this sheaf pulls back to an ample sheaf on each Γω,0. ut

4.9.25. The projective system (Γω̄,n, LΓω̄,n) is therefore uniquely algebraiz-
able to a projective scheme with ample line bundle (Γω̄, LΓω̄ ) over B. Further-
more the diagrams
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Γω̄,n

!!D
DD

DD
DD

D

{{xxxxxxxx

Pω̄,n
fω̄ //________ Wn

(4.9.25.1)

induce a diagram
Γω̄

  A
AA

AA
AA

A

}}{{
{{

{{
{{

Pω̄ W

(4.9.25.2)

by algebraizing the closed subschemes

Γω̄,n ⊂Pω̄,n ×Bn Wn. (4.9.25.3)

Let
Γ ⊂ P̃1 ×B W (4.9.25.4)

be the scheme-theoretic union of the Pω̄ (note that Γ is reduced since each
Γω̄ is reduced), so we have

Γ
p

~~~~
~~

~~
~

q

��?
??

??
??

?

P̃1 W.

(4.9.25.5)

The map p is birational since this is true after reducing modulo m. We there-
fore obtain a rational map (which we again denote by f)

f : P̃1
//___ W. (4.9.25.6)

Let LΓ denote the tensor product p∗LP1⊗q∗LW , so LΓ is an ample invertible
sheaf on Γ whose restriction to Γω̄ is equal to LΓω̄ .

Lemma 4.9.26 The map on generic fibers pη : Γη → P̃1,η is an isomor-
phism. In particular, the rational map 4.9.25.6 induces a morphism

fη : P1,η →Wη. (4.9.26.1)

Proof. Since the diagrams

Γω̄ −−−−→ Γy y
Pω̄ −−−−→ P̃1

(4.9.26.2)

are cartesian, it suffices to show that the projections
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pη : Γω̄,η →Pω̄,η (4.9.26.3)

are isomorphisms.
Let p ∈Pω̄ be a point of the closed fiber, and let T denote the Pω̄-scheme

ρ : T := Spec(ÔPω̄,p)→Pω̄. (4.9.26.4)

Let Γω̄,T denote the base change of Γω̄ to T . Then it suffices to show that the
map on generic fibers

Γω̄,Tη → Tη (4.9.26.5)

is an isomorphism. Furthermore, to verify this we may replace T by a finite
flat extension if necessary.

If t ∈ T denotes the closed point, we may therefore assume that there
exists a morphism

t̃ : Spec(k(t))→ P̃ω̄,0 (4.9.26.6)

lifting the map to Pω̄,0. Since the maps

P̃ω̄,n →Pω̄,n (4.9.26.7)

are étale and T is the spectrum of a complete local ring, this map t̃ lifts
uniquely to a morphism

ρ̃ : T → P̃ω̄ (4.9.26.8)

such that for every n the composite map on reductions

Tn
ρ̃ // P̃ω̄,n

//Pω̄,n (4.9.26.9)

is equal to the given map ρ. Let Γ ′ω̄,T denote the fiber product of the diagram

Γ̃ω̄

��
T

ρ̃ // P̃ω̄.

(4.9.26.10)

For every n, the two reductions Γ ′ω̄,Tn and Γω̄,Tn are canonically isomorphic.
By the Grothendieck existence theorem it follows that there is a canonical
isomorphism over T

Γω̄,T ' Γ ′ω̄,T . (4.9.26.11)

This implies the lemma for by 4.9.13 the morphism on generic fibers

Γ ′ω̄,Tη → Tη (4.9.26.12)

is an isomorphism. ut
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4.9.27. The same argument used in the proof of 4.9.26 enables us to describe
the local structure of the map

fη : P̃1,η →Wη. (4.9.27.1)

Let w ∈ W be a point of the closed fiber and let Z denote the spectrum of
ÔW,w̄. Let

z : Z →W (4.9.27.2)

be the natural map. Then as in the proof of 4.9.26 we can choose a map
z̃ : Z → W̃ such that the fiber product

Γ ×W Z (4.9.27.3)

is isomorphic to Γ̃ ×fW Z. By 4.9.13 it follows that there is a non-canonical
isomorphism

P̃1,η ×Wη
Zη ' Proj

Zη
(OZη ⊗Z[HS ] Z[P oHS ]). (4.9.27.4)

4.9.28. There is a map of invertible sheaves

f∗ηLWη
→ LfP1,η

(4.9.28.1)

defined as follows. First note that to give such a map it suffices to define a
compatible collection of morphisms

j∗ω̄f
∗
ηLWη → LPω̄,η (4.9.28.2)

for each ω̄ ∈ S, where jω̄ : Pω̄ ↪→ P̃1 is the inclusion. Indeed by the above lo-
cal description of P̃1,η and the argument of [2, proof of 4.3], for any invertible
sheaf L on P̃1,η the sequence

L →
∏
i

jω̄i∗j
∗
ω̄iL ⇒

∏
i,k

jω̄i∩ω̄k∗j
∗
ω̄i∩ω̄kL (4.9.28.3)

is exact, where we have ordered the top-dimensional elements {ω̄i} of S in
some way.

To give the map 4.9.28.2 it in turn suffices to define a section of

LΓω̄ ⊗ q∗L−2
W (NΓ0), (4.9.28.4)

where Γ0 denotes the closed fiber of Γ (a Cartier divisor on Γ ) and N is an
integer.

Lemma 4.9.29 Let LeΓω̄ denote the invertible sheaf on Γ̃ω̄ obtained by re-
stricting the sheaf 4.9.23.2 to Γ̃ω̄. Then there exists an integer N such that
the section

sUω̄
∈ Γ (U ∩ Γ̃ω̄, LeΓω̄ ⊗ q∗L−2

W ) (4.9.29.1)

defined by the natural map f |∗U OfW (1)→ O fP(1)|U extends to a section of

LeΓω̄ ⊗ p∗2OfW (1)⊗−2(NΓ̃ω̄,0). (4.9.29.2)
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Proof. Let V ⊂ Γ̃ω̄ be a quasi-compact open subset such that the Y1-translates
of V cover Γ̃ω̄ (for example take the inverse image of such an open subset in
P̃ω̄). Let N be an integer such that the restriction of sUω̄

to V extends to an
element

s ∈ Γ (V , LeΓω̄ ⊗ p∗2OfW (1)⊗−2(NΓ̃ω̄,0)). (4.9.29.3)

Then for every y ∈ Y1 the pullback

y∗(s) ∈ Γ (y(V ), LeΓω̄ ⊗ p∗2OfW (1)⊗−2(NΓ̃ω̄,0)) (4.9.29.4)

is a section whose restriction to Uω̄ ∩ y(V ) is equal to the restriction of sU .
Since Γ̃ω̄ is integral this implies that these locally defined section y∗(s) agree
on the overlaps and hence proves the lemma. ut

4.9.30. This section

s ∈ Γ (Γ̃ω̄, LeΓω̄ ⊗ p∗2OfW (1)⊗−2(NΓ̃ω̄,0)) (4.9.30.1)

defines for every n a Y1-invariant section of

Γ (Γ̃ω̄,n, LeΓω̄,n ⊗ p∗2OfW (1)⊗−2(NΓ̃ω̄,0)) (4.9.30.2)

and by passing to the quotient by the Y1-action and algebraizing a section

s ∈ Γ (Γω̄, LΓω̄ ⊗ p∗2L⊗−2
W (NΓω̄,0)). (4.9.30.3)

On the generic fiber this defines the morphism 4.9.28.1.

Lemma 4.9.31 For x̄ ∈ X and d ≥ 1, let (fη∗LdfP1,η
)x̄ denote the x̄-

eigenspace of the sheaf with D(X)-action fη∗L
dfP1,η

.

(i) For every (d, x̄) the sheaf (fη∗LdfP1,η
)x̄ is locally free of rank 1 on Wη.

(ii) The map 4.9.28.1 induces an isomorphism

LWη → (fη∗LfP1,η
)0. (4.9.31.1)

(iii) The natural rational map over Wη

P̃1,η
//___ Proj

Wη
(⊕(d,x)∈P (fη∗LdfP1,η

)x̄) (4.9.31.2)

is a morphism, and in fact an isomorphism of schemes.

Proof. All of the assertions can be verified after base-changing to the comple-
tion of Wη at a point. In this case the result follows from the local descriptioin
4.9.27.4 (and the verification, left to the reader, that this local description is
also compatible with the D(X)-action and the map on line bundles). ut
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4.9.32. In what follows for (d, x̄) ∈ P we write

L(d,x̄) := (fη∗LdfP1,η
)x̄. (4.9.32.1)

Lemma 4.9.33 There exists a unique G1-action on W reducing to the action
on Wn described in 4.9.11 for all n. The generic fiber Wη is a torsor under
G1,η with respect to this action.

Proof. This follows from the observation that W̃ is a relatively complete model
in the sense of [10, III.3.1], and the results of [10, III, §4]. ut

Lemma 4.9.34 Let π : G→ G1 be the projection. Then the diagram

Gη ×P1,η

π×fη
��

action //P1,η

fη

��
G1,η ×Wη

action // Wη

(4.9.34.1)

commutes.

Proof. Note that by the construction for any finite extension V ′/V and section
g ∈ G(V ′) the diagram over K ′ = Frac(V ′)

P1,η

fη

��

g //P1,η

fη

��
Wη

π(g) // Wη

(4.9.34.2)

commutes. On the other hand, the set of points of Gη̄ for which the diagram
4.9.34.2 commutes is a closed subgroup scheme of Gη̄. If Hη denotes the
quotient of Gη by this subgroup scheme, and if H denotes the connected
component of the Neron model of Hη, then the projection map Gη → Hη

extends uniquely to a map G→ H. After replacing V by a finite extension we
may assume that H is a semiabelian scheme over V . The map G→ H is then
surjective. On the other hand, for any V ′-valued point g ∈ G(V ′) as above,
the image of g in H(V ′) is the identity. It follows that H, and hence also Hη,
is trivial. ut

4.9.35. The line bundles L(d,x̄) admit the following alternate characteriza-
tion.

Let MfP1
denote the pullback to P̃1 of the log structure MP , and simi-

larly let MfP denote the pullback of MP∧ to P̃∧ (the formal scheme over the
completion of P along the maximal ideal of V used in the standard construc-
tion 4.2.4.1). On P̃∧ we have by the construction a surjection P oHS →M fP
such that for any point x ∈ P̃∧ and y ∈ Y the diagram
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P oHS −−−−→ M fP∧,x̄

λy

y yaction

P oHS −−−−→ M fP∧,y(x̄)

commutes where λy is the translation action. Consider the sheaf of sets
H om(P o HS ,M fP1

)/Y1 where H om(P o HS ,M fP1
) denotes the sheaf of

morphisms of monoids, and the Y1–action is given by the translation action
on P oHS . The sheaf H om(P oHS ,M fP1

)/Y1 is a constructible sheaf of sets

on P̃1. The map P oHS →M fP∧ defines a global section

γ0 ∈ H0(P̃1,0,H om(P oHS ,M fP1,0
)/Y1).

Lemma 4.9.36 For any constructible sheaf of sets F on P̃1 the natural map

H0(P̃1,F)→ H0(P̃1,0,F1)

is an isomorphism.

Proof. The scheme P̃1 is obtained by gluing proper V –schemes along closed
subschemes (the schemes Pω̄). It follows that to give a global section of F
is equivalent to giving a compatible collection of sections over these proper
subschemes, and the global sections over P̃1,s can be described similarly. The
result therefore follows from the proper base change theorem [6, XII.5.1]. ut

We therefore have a global section γ ∈ H0(P̃1,H om(P o HS ,M fP1
)/Y1)

inducing γ0.

Lemma 4.9.37 The restriction of γ to P̃1,η is contained in the image of the
inclusion

H om(P oHS ,M fP1
) ↪→H om(P oHS ,M fP1

)/Y1.

Proof. This follows from 4.8.20 and 4.9.8. ut

On P̃1,η the section γ therefore induces a map γ̄ : P oHsat
S
→M fP1,η

.

Lemma 4.9.38 Let X be a projective normal toric variety with torus T and
for every x ∈ X let Tx denote the stabilizer of the point x. Let L be a T–
linearized line bundle on X such that for every x ∈ X the character Tx →
Aut(L(x)) ' Gm is trivial. Then L is trivial as a T–linearized line bundle.

Proof. Choose a birational morphism of toric varieties π : X ′ → X with center
of codimension ≥ 2 in X with X ′ smooth. Let L′ denote π∗L. Then since X is
normal we have H0(X,L) = H0(X ′, L′). If the lemma holds for (X ′, L′) then
this implies that H0(X,L) is 1–dimensional and that the map of invertible
sheaves
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H0(X,L)⊗k OX → L

becomes an isomorphism after applying π∗, hence is an isomorphism. It there-
fore suffices to consider the case when X is smooth. In this case it is shown
in [34] that the underlying line bundle of L is trivial, and the statement that
the action is trivial follows immediately from the assumptions. ut

4.9.39. Let fη : P̃1,η →Wη be the projection defined in 4.9.25.6. For (d, x̄) ∈
P , let N (d,x̄) denote the line bundle on P̃1,η corresponding to the Gm–torsor
of liftings of γ̄(d, x̄) to MfP1,η

. The line bundle N (d,x̄) comes equipped with a

morphism N (d,x̄) → O eP1,η
, and hence

U (d,x) := N (d,x̄) ⊗ LdfP1,η
(4.9.39.1)

has a natural morphism U (d,x) → LdfP1,η
.

Lemma 4.9.40 Let ζ ∈ P̃1,η be a point and let Tζ ⊂ D(X) be the stabilizer
of ζ. Then the character Tζ → Aut(U (d,x̄)(ζ)) = Gm is equal to the character

Tζ −−−−→ D(X) x̄−−−−→ Gm.

Proof. Let ζ̄ ⊂ P̃1 denote the closure of ζ, and let z ∈ ζ̄ be a point in the
closed fiber. Let w ∈ P̃ denote a point over z. Then there is a commutative
diagram

0 −−−−→ Ô∗fP,w̄
−−−−→ (MfP | bO fP,w̄

)w̄ −−−−→ M fP,w̄
−−−−→ 0∥∥∥ ∥∥∥ ∥∥∥

0 −−−−→ Ô∗fP1,z̄
−−−−→ (MfP1

| bO fP1,z̄
)z̄ −−−−→ M fP1,z̄

−−−−→ 0y y y
0 −−−−→ Ô fP1,η,ζ̄

−−−−→ (MfP1,η
| bO fP1,ζ̄

)ζ̄ −−−−→ M fP1,ζ̄
−−−−→ 0,

and by the construction the map γ̄ : P oHS →M fP1,ζ̄
is induced by the map

P o HS → M fP,w̄
. Choose any (d, x) ∈ P liftings (d, x̄). Since the stabilizer

Tz in D(X) of z contains the torus Tζ , it suffices to show that the action of
Tz on the tensor product of LdfP with the torsor of liftings to (MfP | bO fP,w̄

)w̄ of

the image of (d, x) in M fP,w̄
is given by the character (d, x). This follows from

the standard construction. ut

Lemma 4.9.41 Let S(d,x̄) denote the trivial line bundle on P̃1,η with D(X)-
linearization given by the character x̄. Then the line bundle U (d,x̄) is isomor-
phic as a D(X)–linearized line bundle to f∗η fη∗U

(d,x̄) ⊗ S(d,x̄).
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Proof. By 4.9.38 applied to U (d,x̄) ⊗ S−1
(d,x̄) the restriction of U (d,x̄) to each

Pω̄,η is the pullback of a line bundle on Wη. Let w ∈Wη be a point, and let
T denote the spectrum of ÔWη,w̄. To prove that the map

f∗η fη∗U
(d,x̄) ⊗ S(d,x̄) → U (d,x̄) (4.9.41.1)

is an isomorphism, it suffices to show that this is the case after base change
to T . By 4.9.27.4 this base change to T is isomorphic to

Proj
T
(OT ⊗Z[HS ] Z[P oHS ]). (4.9.41.2)

Using the argument of [2, proof of 4.3] one sees that in this case a line bundle
on 4.9.41.2 whose restriction to each

Proj
T
(OT ⊗Z[HS ] Z[P ω̄ oHS ]) ⊂ Proj

T
(OT ⊗Z[HS ] Z[P oHS ]) (4.9.41.3)

is trivial is classified by an element of

H1(XR,O
∗
T ) = 0. (4.9.41.4)

The statement about the action follows from the preceding lemma. ut

Corollary 4.9.42 The map U (d,x̄) → LfP1,η
induces an isomorphism

(fη∗U (d,x̄))x̄ → L(d,x̄). (4.9.42.1)

4.9.43. Note that by construction there is for any (d, x̄), (l, ȳ) ∈ P a canonical
isomorphism of Gm-torsors with maps to MfP1,η

between

N (d,x̄) ⊗N (l,ȳ) (4.9.43.1)

and the torsor of liftings of

γ̄(d+ l, x̄+ ȳ, (d, x̄) ∗ (l, ȳ)) ∈M fP1,η
. (4.9.43.2)

On the other hand, translation by the image of (d, x̄)∗ (l, ȳ)) in MfP1,η
defines

an isomorphism between N (d+l,x̄+ȳ) and this torsor of liftings of 4.9.43.2. We
therefore obtain a canonical isomorphism

N (d,x̄) ⊗N (l,ȳ) → N (d+l,x̄+ȳ). (4.9.43.3)

Twisting this isomorphism by Ld+lfP1,η
and pushing down to Wη we obtain a

canonical isomorphism

can : L(d,x̄) ⊗ L(l,ȳ) → L(d+l,x̄+ȳ). (4.9.43.4)

Now define for any x̄ ∈ X the line bundle
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Lx̄ := L(d,x̄) ⊗ L−dWη
, (4.9.43.5)

where d is an integer ≥ 1. Up to canonical isomorphism this is independent
of the choice of d as can be seen as follows.

First note that the isomorphism 4.9.43.4 induces in particular a canonical
isomorphism

L(d,x̄) ⊗ L(d,−x̄) ' L2d
Wη
. (4.9.43.6)

Therefore for any other integer d′ ≥ 1 we have a canonical isomorphism

L(d,x̄) ⊗ L−dWη
⊗ (L(d′,x̄))−1 ⊗ Ld

′

Wη

' L(d,x̄) ⊗ L−dWη
⊗ L(d′,−x̄) ⊗ L−2d′

Wη
⊗ Ld

′

Wη

' L(d+d′,x̄−x̄) ⊗ L−d−d
′

Wη

' O fP1,η
.

This implies the independence on d. From 4.9.43.4 we also obtain for every
x̄, ȳ ∈ X a canonical isomorphism

Lx̄ ⊗ Lȳ → Lx̄+ȳ. (4.9.43.7)

In particular we obtain a homomorphism

c : X → Pic(Wη). (4.9.43.8)

We will show below that in fact this homomorphism has image in Pic0(Wη).

4.9.44. There is an action of Y on W defined as follows.
First note that there is an action of Y on W̃ . An element y ∈ Y acts by

choosing an isomorphism

ρy : t∗yM →M ⊗ Ly (4.9.44.1)

which induces an isomorphism

ρ : t∗y(⊕(d,x)∈P1M
d ⊗ Lx)→ ⊕(d,x)∈P1M

d ⊗ Lx ⊗ Ldy. (4.9.44.2)

This map in turn induces a morphism of schemes

Proj
A
(⊕(d,x)∈P1M

d ⊗ Lx) ' //

ty

++VVVVVVVVVVVVVVVVVVV
Proj

A
(⊕(d,x)∈P1M

d ⊗ Lx ⊗ Ldy)

��
Proj

A
(⊕(d,x)∈P1M

d ⊗ Lx)
(4.9.44.3)

over the translation action of y on A.
For every n, this action of Y on W̃ induces an action of Y on W̃n which

commutes with the Y1-action, and hence induces an action of Y on Wn. For
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every y ∈ Y the action of y on Wn is given by its graph in Wn×BnWn. By the
Grothendieck existence theorem applied to Wn ×Bn Wn the action of y can
therefore be uniquely algebraized to an action on W . In this way we obtain
an action of Y on W .

Note that the rational map

f : P̃ //___
W̃ (4.9.44.4)

is compatible with the Y -action, and hence Γ also admits an action of Y
compatible with the actions on P̃1 and W . It follows that the morphism on
the generic fiber

fη : P̃1,η →Wη (4.9.44.5)

is compatible with the Y -actions.
Note also that by construction the Y -action on each Wn commutes with

the G1-action, and by an argument similar to the one used in 4.9.34 the action
of Y on Wη commutes with the G1-action. It follows that for every y ∈ Y there
exists a unique element ct(y) ∈ G1,η such that the diagram

P̃1,η
ty−−−−→ P̃1,η

fη

y yfη
Wη

tct(y)−−−−→ Wη

(4.9.44.6)

commutes. In this way we obtain a homomorphism

ct : Y → G1,η. (4.9.44.7)

Lemma 4.9.45 The diagram

Y −−−−→ X

ct

y yc
G1,η

λLWη−−−−→ Pic(Wη)

(4.9.45.1)

commutes.

Proof. By construction t∗yU
(1,x) = U (1,x+y) for every x ∈ X and y ∈ Y . From

this it follows that

Lc(y) = L−1
Wη
⊗ t∗yLWη

= λLWη (ct(y)). (4.9.45.2)

ut

Corollary 4.9.46 The image of c is contained in Pic0(Wη).
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Proof. By [29, Cor. 2, p. 178] the quotient Pic(Wη)/Pic0(Wη) is torsion free.
Since the image of Y is contained in Pic0(Wη) by the commutativity of 4.9.45.1
and Y ⊂ X has finite index this implies the result. ut

Lemma 4.9.47 The homomorphism c : X → Gt1,η is equal to the homomor-
phism defined by the extension

0→ D(X)→ Gη → G1,η → 0. (4.9.47.1)

Proof. It suffices to verify this after making a base change on B. We may
therefore assume that there exists a point of P̃1,η contained in the maximal
dense open subset where Gη acts freely. This defines an inclusion j : Gη ↪→
P̃1,η sitting in a commutative diagram

Gη
j //

π

!!C
CC

CC
CC

C P̃1,η

fη

��
G1,η.

(4.9.47.2)

Furthermore, using the local description in 4.9.27.4 one sees that the map

π∗LWη ' j∗f∗ηLWη → j∗LfP1,η
(4.9.47.3)

is an isomorphism, and induces for every x ∈ X an isomorphism

(fη∗LfP1,η
)x → (π∗(OGη ))⊗ L−1

Wη
. (4.9.47.4)

This isomorphism induces for every x ∈ X an isomorphism

Lx ' (π∗OGη )x. (4.9.47.5)

This implies the lemma. ut

4.9.48. Fix a point w ∈ Wη giving an identification Wη ' G1. Also fix a
rigidification of LWη

at the origin. Summarizing: we have constructed data as
below such that the log scheme P̃1,η over G1,η is obtained by applying the
construction 4.2.4 using this data.

(i) An inclusion φ : Y ↪→ X.
(ii) A rigidified ample invertible sheaf LG1,η on G1,η (the sheaf obtained from

LWη ).
(iii) A homomorphism c : X → Gt1,η defining the extension

0→ D(X)→ Gη → G1,η → 0. (4.9.48.1)
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(iv) A homomorphism ct : Y → G1,η such that the diagram

Y
φ−−−−→ X

ct

y yc
G1,η

λLG1,η−−−−−→ Gt1,η

(4.9.48.2)

commutes.
(v) An integral regular paving S of XR, and a morphism β : HS → K sending

all nonzero elements to zero.

4.9.49. To complete the proof of 4.9.1 in the case when B is the spectrum
of a complete discrete valuation ring it remains to describe the Y -action on
P̃1,η in terms of maps ψ and τ as in (4.2.1, (vi) and (vii)).

The action of Y on P̃1,η defines for every ȳ ∈ Y an isomorphism
t∗ȳLG1,η → LG1,η ⊗ Lȳ. Equivalently a section ψ̄ : Y → ct∗L−1

G1,η
. Further-

more the isomorphisms

t∗ȳ(L
d
G1,η
⊗ Lx̄)→ LdG1,η

⊗ Lx̄ ⊗ Lȳ

can be written uniquely as ψ̄(ȳ)d multiplied by an isomorphism τ(ȳ, x̄) :
t∗ȳLx̄ → Lx̄. These isomorphisms define a trivialization

τ : Y ×X → (ct × c)∗B−1.

As in 3.1.17 the compatibility with the algebra structure precisely means
that this restricts on Y × Y to a trivialization as a symmetric biextension.
Summarizing all of this we see that (Pη,MPη , LPη ) is obtained from the
standard construction.

4.9.50. To complete the proof of 4.9.1 it now suffices to show that the set
of points of B where the fiber is isomorphic to the standard construction is
constructible. For this we may assume B integral. Furthermore, it suffices
to show that if the generic fiber is given by the standard construction, then
there exists a dense open subset of B where all the fibers are obtained by the
standard construction. In fact, by a standard “spreading out” argument one
sees that there exists a dominant morphism B′ → B such that the pullback to
B′ is given by the standard construction. We leave the details to the reader.

4.10 Isomorphisms in T g,d

4.10.1. Let B be a scheme and Si := (Gi,M i
B , Pi,MPi , LPi) ∈ T g,d(B) (i =

1, 2) be two objects. Let I denote the quasi–projective scheme of isomorphisms
(G1, P1, LP1) → (G2, P2, LP2) of polarized schemes with semi–abelian group
action 4.6.2. Denote by I ′ the functor

IsomT g,d
(S1,S2).
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Proposition 4.10.2. The natural morphism of functors I ′ → I is repre-
sentable by closed immersions. In particular, I ′ is a quasi–projective B–
scheme.

Proof. In the case when B is the spectrum of an artinian local ring the result
can be seen as follows. It suffices to prove the result after making a flat base
change (note that I ′ is a sheaf with respect to the fppf topology), and therefore
we can assume that the families Si are obtain by saturating the standard
construction. Let (Gi, N i

B , Pi, NPi , LPi) (i = 1, 2) be the data obtained by the
standard construction such that Si is obtained from this family by saturating.
Note that the data Y ⊂ X, S, and the maps c, ct must be the same in both
constructions by 4.3.4. We may further assume that NPi are constant sheaves.
Then by the same argument used in 3.4 an isomorphism ι : (G1, P1, LP1) →
(G2, P2, LP2) extends to a unique isomorphism ι : (G1, N

1
B , P1, NP1 , LP1) →

(G2, N
2
B , P2, NP2 , LP2). To extend this isomorphism to an element of I ′ it

suffices to find an isomorphism ι̃ : M1
B →M2

B such that the diagram

N1
B −−−−→ M1

B

ι

y yι̃
N2
B −−−−→ M2

B

commutes. For then we get an isomorphism

MP1 ' NP1 ⊕N1
B
M1
B → NP2 ⊕N2

B
M2
B = MP2

by pushout.
Let Ti ⊂ N

i,gp

B be the torsion subgroup. It is a constant finite group by
assumption. From the commutative diagram

0 −−−−→ O∗
B −−−−→ N i,gp

B −−−−→ N
i,gp

B −−−−→ 0∥∥∥ y y
0 −−−−→ O∗

B −−−−→ M i,gp
B −−−−→ M

i,gp

B −−−−→ 0

and the snake lemma it follows that the kernel of N i,gp
B →M i,gp

B is canonically
isomorphic to Ti. For any element t ∈ T1 the image ι(t) ∈ N2,gp

B is equal to
λ(u) + t′ for unique t′ ∈ T2 and u ∈ O∗

B . This defines a homomorphism
T1 → Gm and the condition that the isomorphism N1

B → N2
B extends to an

isomorphism M1
B → M2

B is precisely the condition that this homomorphism
is trivial. From this the case when B is the spectrum of an artinian local ring
follows.

For the general case, note first that by the same argument used in the
proof of 3.9.1 any isomorphism ι : (G1, P1, LP1) → (G2, P2, LP2) induces iso-
morphisms σ̄ : MP1 →MP2 and δ̄ : M

1

B →M
2

B agreeing with the morphisms



180 4 Moduli of abelian varieties with higher degree polarizations.

obtained over artinian local rings by the preceding paragraph. Let I1 → B be
the scheme classifying isomorphisms M1

B → M2
B inducing δ̄ as in the proof

of 3.9.1. By the same argument as in section 3.9, there is over I1 a scheme
I2 → I1 classifying isomorphisms MP1 → MP2 extending ι compatible with
the Gi–actions over the tautological isomorphism M1

B →M2
B . The scheme I2

then represents I ′. That I ′ → I is a closed immersion follows from the case
of an artinian local ring which shows that I ′ → I is a monomorphism and
surjective, hence a closed immersion. ut

Corollary 4.10.3 The stack T g,d is a quasi–compact algebraic stack with
separated diagonal.

4.11 Rigidification

4.11.1. Let I → T g,d denote the inertia stack of T g,d. Recall that the stack
I associates to a scheme B the groupoid of pairs (S , α), where S ∈ T g,d(B)
and α is an automorphism of S . In other words, I is the automorphism group
scheme of the universal family over T g,d.

Lemma 4.11.2 Let B be a scheme and G/B a semi-abelian scheme over
B. Then for any automorphism α : G → G, the condition that α = id is
represented by a closed subscheme of B.

Proof. By a standard limit argument, it suffices to consider the case when B
is noetherian. Let Ei be the locally free sheaf on B underlying the coordinate
ring of the i–th infinitesimal neighborhood of the identity inG. Then α induces
an automorphism αi : Ei → Ei of vector bundles and α is equal to the identity
if and only if each αi is the identity. Let Zi ⊂ B denote the closed subscheme
representing the condition that αi is the identity. We then obtain a decreasing
sequence of closed subschemes

· · · ⊂ Zi ⊂ Zi−1 ⊂ · · · ⊂ Z0 ⊂ B.

Since B is noetherian this sequence is eventually constant and so ∩Zi ⊂ B
represents the condition that α is the identity. ut

4.11.3. It follows that there is a closed substack G ⊂ I classifying pairs
(S , α) where α is the identity on the underlying semi-abelian scheme of S .
In fact, G ⊂ I is a normal (relative over T g,d) subgroup scheme of I . There
is also a natural inclusion Gm ⊂ G given by the action on the tautological
line bundle.

Lemma 4.11.4 The subgroup scheme Gm ⊂ G is a normal closed subgroup
scheme and the quotient H := G /Gm is a finite flat commutative group
scheme of rank d2 over T g,d. In particular, G is flat over T g,d.
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Proof. Note first that Gm ⊂ G is a normal subgroup as this can be checked
over artinian local rings. The quotient H = G /Gm therefore exists as an al-
gebraic space. This group space is quasi-finite over T g,d and therefore is a rel-
ative scheme. Let R be a complete noetherian local ring and Spec(R)→ T g,d

a morphism. Let mR ⊂ R be the maximal ideal. For every n the pullback H
of H to Spec(R/mn

R) is finite and flat of rank d2. By the Grothendieck exis-
tence theorem this closed subschemes are uniquely algebraizable to a closed
subgroup scheme H ⊂ HR (where HR is the pullback of H to Spec(R)),
with H finite and flat of rank d2. To prove that H ⊂ HR is an isomorphism
it then suffices to show that the map becomes an isomorphism after pullback
by any morphism Spec(R′)→ Spec(R) with R′ artinian local. This therefore
also follows from the case of an artinian local ring. ut

4.11.5. Let A g,d denote the rigidification of T g,d with respect to the group
scheme G ⊂ I . Note that the map T g,d → A g,d is faithfully flat in general
and smooth over Z[1/d]. The inclusion Tg,d ⊂ T g,d induces a dense open
immersion Ag,d ⊂ A g,d. In addition, the log structure MT g,d

descends to a
log structure MA g,d

on A g,d which is trivial precisely over Ag,d.

Proposition 4.11.6. The diagonal of A g,d is finite.

Proof. We show that the diagonal is proper and quasi–finite.
To show that the diagonal is proper we check the valuative criterion. Let

V be a discrete valuation ring with field of fractions K, let

SK = (GK , PK ,MK ,MPK , LK) ∈ T g,d(K)

be an object, and let

Si = (Gi, P i,M i,MP i , L
i) ∈ T g,d(V ) i = 1, 2

be two extensions of SK to V . We have to show that after possibly replacing V
by a finite extension and twisting the isomorphism S1,η → S2,η by an element
of Gm(K) (acting on the isomorphism between the line bundles) there exists
an isomorphism α : S1 → S2 over V defining the identity morphism on GK .
Let Gi/V (i = 1, 2) denote the theta group of Si, and let Hi denote Gi/Gm.
The generic fibers of G1 and G2 are identified as are the generic fibers of H1

and H2. Denote by Gη and Hη these generic fibers.
Let Aut(P i) denote the group scheme of automorphisms of P i and let Zi

denote the fiber product of the diagram

Hiy
G

action−−−−→ Aut(P i).

Note that Zi is a closed subgroup scheme of G.
Let Yi ⊂ Xi denote the groups used in the standard construction giving

rise to Si = (Gi, P i,M i,MP i , L
i).
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Lemma 4.11.7 The group schemes Zi are flat over V .

Proof. It suffices to verify that for every integer n the reduction of Zi modulo
mn
V is flat over V/mn

V . This follows from the explicit description of the reduc-
tions Hi,n in 4.4.2 which shows that the group scheme Zi is isomorphic to the
kernel of the map Hi,n → Xi/Yi. ut

It follows that Zi is the closure of H ⊂ Gη in G. We therefore obtain
an isomorphism σZ : Z1 → Z2 over V of group schemes. We extend this
isomorphism to an isomorphism of group schemes σ : H1 → H2 inducing the
identity on H as follows. The closed subgroup schemes Zi,n ⊂ Hi are uniquely
algebraizable to closed subgroup schemes Ki ⊂ Hi (note that Zi is not closed
in Hi so Ki is strictly smaller than Zi). The isomorphism σZ induces an
isomorphism σK : K1 → K2. The natural inclusions D(Xi/Yi) ⊂ Ki and the
pairing on Hi define a homomorphism

Hi → Hom(D(Xi/Yi),Gm) ' Xi/Yi.

Using the explicit description of Hi given in 4.4.2 one sees that this induces
a canonical isomorphism Hi/Ki ' Xi/Yi. The isomorphism H1,η → H2,η

is compatible with the inclusions of the Ki and therefore also induces an
isomorphism X1/Y1 → X2/Y2.

From this we obtain a commutative diagram

0 −−−−→ K1 −−−−→ H1 −−−−→ X1/Y1 −−−−→ 0

σK

y '
y |

0 −−−−→ K2 −−−−→ H2 −−−−→ X2/Y2 −−−−→ 0

(4.11.7.1)

and an isomorphism ση : H1,η → H2,η filling in the generic fiber of this
diagram.

Lemma 4.11.8 There exists a unique isomorphism σ : H1 → H2 filling in
4.11.7.1 restricting to ση on the generic fiber.

Proof. Using the description of Hi in 4.4.2, one sees that the sequences

0→ Ki → Hi → Xi/Yi → 0 (4.11.8.1)

are noncanonically split. Choosing splittings we obtain some isomorphism
of group schemes σ′ : H1 → H2 restricting to σK on K1. The restriction
to the generic fiber may not equal ση, but the difference is measured by a
homomorphism

ρ : X1/Y1 → K2,η. (4.11.8.2)

Since K2 is proper over V this homomorphism extends to a homomorphism
over V . Changing our choice of σ′ but this map we obtain an extension of ση.
The uniqueness is immediate since H1 and H2 are flat over V . ut
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Note that the isomorphism σ : H1 → H2 is compatible with the pairings
Hi ×Hi → Gm since by the flatness of Hi over V this can be checked on the
generic fiber.

Lemma 4.11.9 The isomorphism σ : H1 → H2 lifts uniquely to an isomor-
phism σ̃ : G1 → G2 restricting to the given isomorphism G1,η → G2,η on the
generic fiber.

Proof. Note first that the isomorphism G1 → G2, obtained from the fact
that they are both equal to the connected component of the Neron model
of the generic fiber, induces an isomorphism between the abelian schemes
over V obtained from the abelian parts of the reductions of the Gi. Let A/V
denote this abelian scheme. The line bundles Mi on A used in the standard
construction can also be identified. Indeed, let Wη be the abelian part of the
generic fiber Gη, and let Mη be the line bundle on Gη arising in the standard
construction of the generic fiber. Then by [27, 3.2 and 3.3] the line bundle Mη

extends uniquely to the Neron model of Gη. Since A is the abelian scheme
obtained from the abelian part of the reductions of the Neron model of Gη.
This gives a canonical description of the line bundles Mi (up to translation by
an element of A). After possible modifying our choice of M2 by translation by
an element of A we may assume that M1 = M2. Let M denote this line bundle
on A. After changing the isomorphism on the generic fiber by an element of
Gm(K) we can also assume that the isomorphism M1 → M2 is compatible
with rigidifications at 0.

Now by the proof of 4.4.2, we have an isomorphism of group schemes

Gi ' G(A,M ) × (D(Xi/Yi)×Xi/Yi) (4.11.9.1)

with group structure given by the formula

(g, h, x) · (g′, h′, x′) = (gg′ + h′(x), h+ h′, x+ x′). (4.11.9.2)

From this it follows that there exists an isomorphism G1 → G2 inducing σ :
H1 → H2 and compatible with the pairings on the Hi. On the generic fiber
the difference of this isomorphism and the inverse of the given isomorphism is
an automorphism of G1 restricting to the identity on Gm. Since Gm is central
in G1 such an isomorphism is given by a homomorphism

H1,η → Gm,η. (4.11.9.3)

Such a homomorphism takes values in µN for N sufficiently big, and hence
extends uniquely to a homomorphism H1 → Gm. Changing our choice of
isomorphism by this homomorphism we obtain the desired isomorphism σ̃ :
G1 → G2. ut

Identifying G1 with G2 and H1 with H2 we write just G and H respectively
for these group schemes. Let Vi denote the representation Γ (P i, Li) of G . We
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then have an isomorphism of Gη–representations ιK : V1⊗K ' V2⊗K. After
changing the isomorphism S1,η → S2,η by an element of Gm(K), we may
assume that ιK(V1) ⊂ V2 and that the map V1 → V2/πV2 is not zero.

Lemma 4.11.10 The map ιK induces an isomorphism of G –representations
ι : V1 → V2.

Proof. The representations Vi/πVi are irreducible G ⊗V k–representations by
4.4.27 and therefore the map V1 ⊗V k → V2 ⊗V k is either an isomorphism or
zero. Since it is not zero by assumption it must be an isomorphism, and by
Nakayama’s lemma the map V1 → V2 is also an isomorphism. ut

Inside the spaces Vi⊗k there exists a dense open subset of sections θ such
that (Si ⊗V k, θ) defines a point of A Alex

g,d (k) (see 4.2.7). Thus we can find a
section θ ∈ V1 such that (S1, θ) and (S2, ι(θ)) both define V –valued points of
A Alex
g,d which are isomorphic on the generic fiber after forgetting about the log

structures. Since A Alex
g,d is separated we obtain an isomorphism (G1, P1, L1)→

(G2, P2, L2) extending the isomorphism on the generic fiber. This then extends
uniqely to an isomorphism S1 → S2 by 4.10.2. This completes the proof that
the diagonal of A g,d is proper.

To see that the diagonal of A g,d is quasi–finite it suffices to show that
for any algebraically closed field k and object S = (G,Mk, (P,MP ) →
(k,Mk), L) ∈ T g,d(k), the automorphism group of S is an extension of Gm

by a finite group. Any automorphism α of S induces an automorphism of
the theta group G which is the identity on Gm. Let AutGm(G ) denote the
group of automorphisms of G which are the identity on Gm so we have a
homomorphism

Aut(S )→ AutGm(G ). (4.11.10.1)

The group AutGm(G ) is a finite group since there is an extension

0→ Hom(H,Gm)→ AutGm(G )→ Aut(H).

If K denotes the kernel of 4.11.10.1 then it suffices to show that K is a finite
group. Let V denote the irreducible G –representation Γ (P,L). If α ∈ K is
an automorphism then α defines an automorphism of V which since V is
irreducible must be multiplication by a scalar. Therefore it suffices to show
that the subgroup of K of automorphisms inducing the identity on V is finite.
Choose any section θ ∈ V so that (S , θ) defines an object of A Alex

g,d (k). Then
any automorphism inducing the identity on V is in the image of

AutA g,d(k)
(S , θ)→ AutT g,d(k)

(S ).

Since AutA g,d(k)
(S , θ) is a finite group it follows that AutTg,d(k)(S ) is also

an extension of Gm(k) by a finite group. This completes the proof of 4.11.6.
ut
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4.11.11. The stack A g,d inherits a natural log structure from T g,d since the
action of Gm on the log structures of the base of objects of T g,d is trivial.
Let G → T g,d denote the universal theta group, and let H → T g,d denote
the finite flat group scheme G /Gm. For any object (G,MB ,P,MP ,L ) ∈
T g,d(B) (over some scheme B), the action of the group scheme G pulled back
to B induces the trivial automorphism of H |B . It follows that the finite flat
group scheme H with its pairing to Gm descends to a finite flat group scheme
over A g,d with a pairing, which we again denote by (H , e).

Finally note that over Z[1/d] the log stack (A g,d,MA g,d
) is log smooth,

since the map
T g,d → A g,d (4.11.11.1)

is smooth, so the log smoothness of (A g,d,MA g,d
) follows from the log smooth-

ness of (T g,d,MT g,d
).





5

Level Structure

Using the results of the previous sections we can now proceed to construct
compact moduli stacks for abelian varieties with polarizations and level struc-
ture. We present two approaches. The first is based on the theory of logarith-
mic étale cohomology. The second approach is more in the spirit of Deligne-
Rapoport’s construction of compact moduli stacks for elliptic curves with level
structure, and is based on our discussion of theta groups in chapter 4. Though
we only discuss in this chapter level structures in characteristics prime to the
level, we intend in future writings to discuss how to extend this second ap-
proach to level structure to compactify moduli spaces also at primes dividing
the level. Finally we discuss a modular compactification of certain moduli
spaces for polarized abelian varieties with theta level structure as considered
in [30].

5.1 First approach using Kummer étale topology

In this section we assume the reader is familiar with the Kummer étale topol-
ogy of a log scheme (an excellent survey of this topic is [17]). The main result
we use is the following:

Theorem 5.1.1 ([31, 5.1] and [32, 4.3]) Let f : X → S be a proper exact

log smooth morphism of fs log schemes. Assume that
◦
S is noetherian, and that

MS is trivial at every generic point of
◦
S . Then for any integer n invertible on

S and q ≥ 0, the Kummer étale sheaf Rqf∗Z/nZ on SKet is locally constant

constructible, and its formation commutes with arbitrary base change
◦
T →

◦
S .

5.1.2. Fix integers g, n ≥ 1. Throughout the rest of this subsection 5.1 we
work over Z[1/n (so for example Kg such be interpreted as the fiber product
Kg×Spec(Z) Spec(Z[1/n])). Let MKg

be the canonical log structure on Kg. We
then have a log smooth exact morphism
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f : (P,MP)→ (Kg,MKg
) (5.1.2.1)

given by the universal polarized log scheme with semiabelian group action.
Therefore for every q ≥ 0 we get a locally constant constructible sheaf

Λqn := Rqf∗Z/nZ (5.1.2.2)

on (Kg)Ket, whose formation is compatible with arbitrary base change.

5.1.3. Let j : Ag ↪→ Kg be the dense open inclusion of Ag in Kg. The open
substack Ag is the maximal open substack of Kg where the log structure MKg

is trivial. The inclusion j induces a morphism of topoi (which we denote by
the same letter)

j : Ag,et → (Kg,MKg )Ket. (5.1.3.1)

By [32, section 2.2] the adjunction maps

Λqn → j∗j
∗Λqn (5.1.3.2)

are isomorphisms.

5.1.4. Let h : A→ Ag be the universal principally polarized abelian variety,
and let f : P → Ag be the A–torsor corresponding to the interpretation of
the moduli stack Ag as the moduli stack classifying data (A,P, L, θ), where A
is an abelian scheme of dimension g, P is an A-torsor, L is a relatively ample
invertible sheaf on P defining an isomorphism λL : A→ At, and θ is a section
of L which is nonvanishing in every fiber. The restriction j∗Λqn of Λqn to Ag is
equal to Rqf∗Z/nZ.

Etale locally on Ag we can choose a trivialization ι : A→ P which induces
an isomorphism

ι∗ : Rqh∗Z/nZ→ Rqf∗Z/nZ. (5.1.4.1)

Lemma 5.1.5 The isomorphism 5.1.4.1 is independent of the choice of ι, and
therefore these locally defined isomorphisms define a global isomorphism

Rqh∗Z/nZ→ Rqf∗Z/nZ. (5.1.5.1)

Proof. The translation action of A on P induces an action of A on the locally
constant sheaf Rqf∗Z/nZ. Since A has geometrically connected fibers this
action is trivial which implies the lemma. ut

5.1.6. Set
Tn := H om(Λ1

n,Z/nZ). (5.1.6.1)

This is again a locally constant sheaf of Z/n-modules on (Kg,MKg
)Ket and

Tn → j∗j
∗Tn (5.1.6.2)

is an isomorphism. The restriction j∗Tn of Tn to Ag comes equipped with the
skew-symmetric Weil pairing
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en :
2∧
j∗Tn → µn (5.1.6.3)

which upon applying j∗ yields a skew-symmetric pairing (which we again
denote by en and call the Weil pairing)

en :
2∧
Tn → µn. (5.1.6.4)

5.1.7. Using the pair (Tn, en) one can compactify moduli spaces for prin-
cipally polarized abelian varieties with various level structure. We illustrate
this here by compactifying the moduli space for principally polarized abelian
varieties of dimension g with a full symplectic level structure.

Let
s : (Z/n× µn)× (Z/n× µn)→ µn (5.1.7.1)

be the symplectic form sending

(r, ζ)× (r′, ζ ′) 7→ ζ ′(r) · ζ(r′)−1, (5.1.7.2)

where we view µn as Hom(Z/n, µn). Let Ln denote (Z/n × µn)g and let
sg :

∧2
Ln → µn be the symplectic form induced by s.

5.1.8. Consider the sheaf

Ig,n := Isom((Ln, sg), (Tn, en)) (5.1.8.1)

of isomorphisms between Ln (viewed as a constant sheaf on (Kg,MKg
)Ket)

and Tn respecting the pairings. This is again a locally constant sheaf on the
Kummer étale site of (Kg,MKg ) and by [17, 3.13] is therefore representable
by log stack Kummer étale over (Kg,MKg ). We write

(Ig,n,MIg,n)→ (Kg,MKg
) (5.1.8.2)

for this log stack.
Note that since (Kg,MKg

) is log smooth over Z[1/n], the log stack
(Ig,n,MIg,n) is also log smooth over Z[1/n]. In particular Ig,n is normal. Fur-

thermore, the restriction
◦
I g,n := Ig,n×Kg,n

Ag is isomorphic to the stack over
Z[1/n] associating to any scheme T the groupoid of data (A, λ, ι) as follows:

(i) (h : A→ T, λ) is a principally polarized abelian scheme over T ;
(ii) ι : (Ln, sg)→ (A[n], en) is a symplectic isomorphism.

We summarize this discussion in the following theorem:

Theorem 5.1.9 The normalization Ig,n of Kg in
◦
I g,n is a proper Artin stack

over Z[1/n] with at worst toric singularities. The complement Ig,n −
◦
I g,n

defines a fine saturated log structure MIg,n on Ig,n and the induced morphism

(Ig,n,MIg,n)→ (Kg,MKg ) (5.1.9.1)

is Kummer étale.
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5.2 Second approach using the theta group

Let A g,d[1/d] denote the stack

A g,d ×SpecZ Spec(Z[1/d]). (5.2.0.2)

5.2.1. Let H denote the finite flat group scheme over A g,d discussed in
4.11.11. For any connected scheme S and morphism f : S → A g,d[1/d],
the pullback f∗H is a finite flat group scheme over S of rank d2. Etale
locally on S the group scheme f∗H is constant, and therefore has a set of
elementary divisors (d1, d1, d2, d2, . . . , dr, dr), which necessarily occur in pairs
because f∗H is étale locally equipped with a perfect pairing to Gm. We call
the sequence of integers (d1, . . . , dr) the type of f∗H . Evidently the type of
f∗H is constant for connected S. For a type δ, define A g,δ[1/d] ⊂ A g,d[1/d]
to be the substack of morphisms f : S → A g,d[1/d] such that the type of
f∗H is equal to δ.

The stack A g,d[1/d] is has a decomposition as a disjoint union

A g,d[1/d] =
∐
δ

A g,δ[1/d], (5.2.1.1)

where the disjoint union is over types δ = (d1, . . . , dr), where the di are positive
integers, di+1|di for all i, and d1 · · · dr = d.

5.2.2. An important type is obtained by taking d = ng for some integer g
and setting δ0 = (n, . . . , n) (n repeated g times).

If S is a Z[1/n]-scheme and (A,P, L) ∈ Ag,1(S), then (A,P, L⊗n) is an
object of A g,δ0 [1/n](S) since the kernel of the map

λL⊗n : A→ At

is equal to the n-torsion subgroup A[n]. We therefore obtain a morphism of
stacks

j̃ : Tg,1[1/n]→ T g,δ0 [1/n],

where T g,δ0 [1/n] denotes the fiber product

T g,δ0 [1/n] := T g,d ×A g,d
A g,δ0 [1/n].

For any object (A,P, L) ∈ T g,1[1/n](S) over some scheme S, there is a canon-
ical map of theta groups

G(A,P,L) → G(A,P,L⊗n)

which restricts to the map

×n : Gm → Gm.

We therefore obtain an induced map on rigidifications

j : Ag,1[1/n]→ A g,δ0 [1/n]. (5.2.2.1)
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Proposition 5.2.3. The map 5.2.2.1 is a dense open immersion, and iden-
tifies Ag,1[1/n] with the open substack of A g,δ0 [1/n] where the log structure
MA g,δ0 [1/n] is trivial.

Proof. Let us first show that j is a fully faithful functor.
Let S be a scheme and (A,P, L) ∈ T g,1(S) an object. If α is an automor-

phism of (A,P, L) given by

αA : A→ A, αP : P → P, ι : α∗PL→ L

such that α maps to the identity in

AutA g,δ0
(A,P, L⊗n),

then j̃(α) is in G(A,P,L⊗n). It follows that αA = id and that αP is translation
by a point of A[n]. Since L is a principal polarization α∗PL is isomorphic to L
if and only if this point is equal to e and therefore αP = id also. We conclude
that α ∈ G(A,P,L) and therefore maps to the identity in

AutA g,1
(A,P, L).

It follows that for any two objects (Ai, Pi, Li) ∈ A g,1(S) (i = 1, 2) the map

IsomA g,1
((A1, P1, L1), (A2, P2, L2))→ IsomA g,δ0

((A1, P1, L
⊗n
1 ), (A2, P2, L

⊗n
2 ))

(5.2.3.1)
is a monomorphism.

If
σA : A1 → A2, σP : P1 → P2, ι : σ∗PL

⊗n
2 → L⊗n1

is an isomorphism in T g,δ0(S), then σ∗PL2 ⊗ L−1
1 is an n-torsion line bundle

on P1. Write
σ∗PL2 ⊗ L−1

1 ' t∗aL1 ⊗ L−1
1 (5.2.3.2)

with a ∈ A1[n]. Then
t∗−aσ

∗
PL2 ' L1 (5.2.3.3)

which shows that after changing (σP , ι) by an element of G(A1,P1,L
⊗n
1 ) lifting

−a, we can assume that σ∗PL2 is isomorphic to L1. Choose some isomorphism
ι′ : σ∗PL2 → L1. Then ι′⊗n differs from ι by some element of Gm(S). After
making a flat base change S′ → S we can choose an n-th root of this unit and
hence can find an isomorphism ι′ : σ∗PL2 → L1 inducing ι. It follows that the
map 5.2.3.1 is an isomorphism.

To prove 5.2.3, it now suffices to show that any object (A,P,R) ∈ T g,δ0(S)
over some scheme S with A and P smooth, is fppf locally on S in the image
of Tg,1(S). For this note that the homomorphism

λR : A→ At
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factors as
A

λR

  A
AA

AA
AA

×n
��
A

ρ // At,

where ρ is an isomorphism. By [29, p. 231 Theorem 3] this map ρ is fppf-
locally on S equal to λL for some line bundle L on A. Since A is divisible
we can after making another flat base change on S choose L such that L⊗n

is isomorphic to R. The resulting object (A,P, L) ∈ Ag,1(S) then maps to
(A,P,R). ut
5.2.4. Since the stack A g,δ0 [1/n] provides a compactification of Ag,1[1/n]

together with an extension of the n-torsion subgroup scheme (with its Weil
pairing) of the universal abelian scheme over Ag,1[1/n] to a finite flat group
scheme H over A g,δ0 [1/n], we can use the pair (A g,δ0 ,H ) to construct
compactifications of various moduli problems for principally polarized abelian
varieties with n-level structure. We illustrate this with the example of Γ0(n)-
structure.

Definition 5.2.5. Let S be a scheme, and H → S a finite flat abelian group
scheme of rank n2g with a perfect skew-symmetric pairing

〈·, ·〉 : H ×S H → Gm,S .

A Γ0(n)-level structure on H is a subgroup scheme B ⊂ H flat over H of rank
ng which is isotropic with respect to the pairing.

5.2.6. Define A g,Γ0(n) to be the stack over Z[1/n] associating to any Z[1/n]-
scheme S the groupoid of pairs (f,B), where f : S → A g,δ0 [1/n] is a mor-
phism and B ⊂ f∗H is a Γ0(n)-level structure on f∗H . Note that if f factors
through Ag,1[1/n] so that f corresponds to a triple (A,P, L) with A an abelian
scheme, P an A-torsor, and L a line bundle on P , then the Γ0(n)-structure B
is equal to a Γ0(n)-structure on A[n].

Let MA g,Γ0(n)
denote the pullback of the log structure on A g,δ0 to

A g,Γ0(n).

Theorem 5.2.7 The projection map

A g,Γ0(n) → A g,δ0 [1/n] (5.2.7.1)

is finite étale. In particular, the log stack (A g,Γ0(n),MA g,Γ0(n)
) is log smooth

and proper over Z[1/n].

Proof. It suffices to show that if S is a scheme, and H → S is a finite flat
group scheme with a pairing as in 5.2.5, then the functor F on S-schemes
associating to any S′ → S the set of Γ0(n)-level structures on H ×S S′, is
representable by a finite étale S-scheme. This can be verified after replacing
S by an étale cover, so it suffices to consider the case when H is a constant
group scheme. In this case the result is immediate. ut
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5.3 Resolving singularities of theta functions

5.3.1. Let A/S be an abelian scheme over a base scheme S, and let L be an
invertible sheaf on A. The line bundle L is called symmetric if there exists an
isomorphism ι∗L → L, where ι : A → A is the map a 7→ −a. Note that if L
is symmetric, then in fact there exists a canonical isomorphism a : ι∗L → L.
Namely, there exists a unique isomorphism a such that the induced map

e∗L = e∗ι∗L
e∗a // e∗L (5.3.1.1)

is the identity. From this and descent theory one deduces the following:

Lemma 5.3.2 Let S be a scheme, A/S an abelian scheme, and L a line
bundle on A. Assume that fppf-locally on S the line bundle L is symmetric.
Then L is symmetric.

5.3.3. Let G (L) denote the theta group associated to L [29, §23]. In our
earlier notation, G (L) is the group G(A,L), where A is viewed as a (trivial) A-
torsor. If L is symmetric, then the theta group scheme G (L) comes equipped
with an involution D : G (L) → G (L). Namely, choose any isomorphism ψ :
ι∗L→ L, and define D by sending a point

(a ∈ A, λ : t∗aL→ L) ∈ G (L) (5.3.3.1)

to the point −a ∈ A with the isomorphism

t∗−aL
ψ−1
// t∗−aι

∗L // ι∗t∗aL
λ // ι∗L

ψ // L. (5.3.3.2)

one checks immediately that D does not depend on the choice of ψ, and that
D is a group automorphism inducing the identity on Gm.

5.3.4. Fix a sequence of integers δ = (d1, . . . , dr), and define a group scheme
G (δ) over Spec(Z) as follows. Let K(δ) denote the group

K(δ) := ⊕ri=1(Z/diZ), (5.3.4.1)

and let K̂(δ) denote the Cartier dual of K(δ). Denote by

〈·, ·〉 : K(δ)× K̂(δ)→ Gm (5.3.4.2)

the natural pairing, and set

H(δ) := K(δ)× K̂(δ). (5.3.4.3)

Define G (δ) to be the group scheme whose underlying scheme is

Gm ×K(δ)× K̂(δ) = Gm ×H(δ), (5.3.4.4)

and whose group structure is given by

(α, x, l) · (α′, x′, l′) = (αα′l′(x), x+ x′, l + l′). (5.3.4.5)
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Lemma 5.3.5 Let AutGm(G (δ)) denote the functor over Z[1/2d] which to
any Z[1/2d]-scheme S associates the group of automorphisms of the group
scheme G (δ)S which restrict to the identity on Gm, and let Aut(H(δ), 〈·, ·〉)
denote the group scheme of automorphisms of H(δ) compatible with the skew-
symmetric pairing. Then there is an exact sequence of functors of groups

1 // Hom(H(δ),Gm) // AutGm(G (δ)) π // Aut(H(δ), 〈·, ·〉) // 1,
(5.3.5.1)

where π sends an automorphism α to the automorphism ᾱ : H(δ) → H(δ)
obtained by passing to the quotient by Gm. In particular, AutGm(G (δ)) is
representable by a finite étale group scheme over Z[1/2d].

Proof. Since Gm is central in G (δ), any automorphism α of G (δ)S inducing
the identity on H(δ)S is given by

α(g) = g · w(ḡ), (5.3.5.2)

where ḡ is the image of g in H(δ)S and w : H(δ)→ Gm is a homomorphism.
Conversely any homomorphism w determines an automorphism of G (δ) by
the same formula. This gives the identification

Hom(H(δ),Gm) ' Ker(π). (5.3.5.3)

The surjectivity of π follows from the same argument used in [30, I, Corollary
of Th. 1] which shows that in order to lift a symplectic automorphism ᾱ :
H(δ) → H(δ) to G (δ) it suffices to choose a lifting s̃ : K(δ) → G (δ) of the
homomorphism K(δ) → H(δ) obtained by restricting ᾱ, where K(δ) is as in
5.3.4. ut

5.3.6. The group scheme G (δ) also has an involution τ : G (δ)→ G (δ) given
by

(a, h) 7→ (a,−h), a ∈ Gm, h ∈ H(δ). (5.3.6.1)

If L is an ample symmetric line bundle on an abelian scheme A, then
a symmetric theta-level structure on (A,L) of type δ is an isomorphism
σ : G (δ)S → G (L) such that the diagram

G (δ)S
σ //

τ

��

G (L)

D

��
G (δ)S

σ // G (L)

(5.3.6.2)

commutes.
Let g ≥ 1 be an integer, and set d = d1 · · · dr. Let Mg,δ denote the functor

on the category of Z[1/2d]-schemes associating to any such scheme S the set
of isomorphisms classes of data

(A,L, σ, ε : e∗L ' OS), (5.3.6.3)

where
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(i) A/S is an abelian scheme of relative dimension g.
(ii) L is a symmetric very ample invertible sheaf on A.
(iii) σ : G (δ)× S → G (L) is a symmetric theta level structure.
(iv) ε : e∗L→ OS is an isomorphism of OS-modules.

5.3.7. One can also consider a variant moduli problem classifying (A,L, σ, ε)
as above, where in addition the line bundle L is assumed totally symmetric.
This means that there exists an isomorphism ψ : ι∗L→ L whose pullback to
the 2-torsion points A[2] (on which ι is the identity) is equal to the identity
map. Let us write M tot

g,δ for the resulting functor. There is a natural inclusion
M tot

g,δ ⊂Mg,δ.
As explained in [30, I. p. 310] there is for every n ≥ 1 a canonical map

ηn : G (Ln)→ G (L) (5.3.7.1)

such that the diagram

1 // Gm

×n
��

// G (Ln)

ηn

��

// H(Ln) //

n

��

1

1 // Gm
// G (L) // H(L) // 1

(5.3.7.2)

commutes. By [30, I, Corollary 2] a symmetric line bundle L on an abelian
scheme is totally symmetric if and only if

Ker(η2) = {z ∈ G (L2)|z2 = 1}. (5.3.7.3)

Since Gm is divisible and central in G (L2), the scheme K whose functor of
points is given by

{z ∈ G (L2)|z2 = 1} (5.3.7.4)

is a µ2-torsor over the kernel of multiplication of by 2 on H(L2). In particular,
it is an étale scheme over the base scheme (since 2d is assumed invertible) of
rank 22g+1.

Proposition 5.3.8. The subfunctor M tot
g,δ ⊂ Mg,δ is representable by open

and closed immersions.

Proof. Let S be a Z[1/2d]-scheme and (A,L, σ, ι) an object of Mg,δ(S). We
need to show that the condition that L is totally symmetric is representable
by an open subset of S.

From the commutative diagram 5.3.7.2 and the snake lemma, one sees that
there is an exact sequence

1→ µ2 → Ker(η2)→ H(L2)[2]→ 1, (5.3.8.1)

so in particular the rank of the group scheme Ker(η2) is equal to 22g+1, which
is also equal to the rank of K. The condition that L is totally symmetric is
therefore equivalent to the assertion that the map
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K → G (L2)/Ker(η2) ' G (L) (5.3.8.2)

is zero (since both K and Ker(η2) are finite étale schemes over S of the same
degree). Note also that the composite 5.3.8.2 in fact has image in µ2 ⊂ Gm ⊂
G (L) by the commutativity of 5.3.7.2. It follows that the condition that the
map 5.3.8.2 is trivial is an open and closed condition, since it is a map of finite
étale schemes. ut

Theorem 5.3.9 ([30, Part II, Theorem 3]) If each di is divisible by 8,
then M tot

g,δ is representable by a quasi-projective scheme.

In the remainder of this section we explain how to construct a canonical
modular compactification of Mg,δ. By the above discussion this then also gives
a compactification of M tot

g,δ .

5.3.10. The functor Mg,δ can be reinterpreted as follows. Let S be a scheme
and A/S an abelian scheme. For an A-torsor P , let P ι denote the A-torsor
with same underlying scheme as P but with action of A given by the composite
homomorphism

A
ι−−−−→ A

action−−−−→ Aut(P ). (5.3.10.1)

If L is an ample invertible sheaf on P , then note that there is a canonical
isomorphism of theta groups

can : G(P,L) ' G(P ι,L). (5.3.10.2)

This isomorphism sends a pair

σP : P → P, σL : σ∗PL→ L (5.3.10.3)

to the same pair (σP , σL) viewed as an automorphism of (P ι, L).

Proposition 5.3.11. Let S be a scheme, A/S an abelian scheme, P/S an
A-torsor, and let L be an ample invertible sheaf on P . Then fppf-locally on S
there exists an isomorphism

ρ = (ρP , ρL) : (P,L)→ (P ι, L) (5.3.11.1)

over ι : A → A. Moreover, the isomorphism ρ is unique up to composition
with an element of

G(P,L) = AutA(P,L). (5.3.11.2)

Proof. The uniqueness statement is clear, for by the very definition of G(P,L)

if ρ1 and ρ2 are two isomorphisms then ρ−1
1 ◦ ρ2 is an automorphism of (P,L)

commuting with the A-action.
For the existence we may work fppf locally on S, and may therefore assume

that P is trivial. Fix a point e ∈ P defining an isomorphism A → P (this
enables us to view L as a sheaf on A).
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Lemma 5.3.12 After making an étale base change on S, there exists an in-
vertible sheaf M ∈ At(S) such that ι∗L ' L⊗M .

Proof. This is standard. We recall the argument for the convenience of the
reader.

It suffices to show that for any scheme-valued point α ∈ A the invertible
sheaf

R := t∗α(ι∗L⊗ L−1)⊗ ι∗L−1 ⊗ L (5.3.12.1)

is trivial. For this note that

t∗αι
∗L⊗ ι∗L−1 ' ι∗(t∗−αL⊗ L−1)

' t∗−αL
−1 ⊗ L,

where the second isomorphism is because ι acts as multiplication by −1 on
At. Therefore R is isomorphic to

t∗αL
−1 ⊗ t∗−αL−1 ⊗ L2 (5.3.12.2)

which is trivial by the theorem of the square. ut

After replacing S by an fppf cover, there exists therefore an element α ∈
A(S) such that M ' t∗αL ⊗ L−1 in which case ι∗L ' t∗αL. Therefore we can
take ρP : P → P to be the isomorphism ι ◦ tα and ρL any isomorphism
ι∗t∗αL→ L. ut

Proposition 5.3.13. Let S be a scheme, A/S an abelian scheme, P/S an
A-torsor, and σ : G (δ)S → G(P,L) an isomorphism restricting to the identity
on Gm. Then fppf locally on S there exists an isomorphism ρ = (ρP , ρL) :
(P,L)→ (P ι, L) over ι : A→ A such that the diagram

G (δ)S
σ−−−−→ G(P,L)

τ

y yρ
G (δ)S

σ−−−−→ G(P ι,L)

(5.3.13.1)

commutes, where the right vertical arrow is the isomorphism induced by ρ.
Moreover ρ is unique up to composition with the action of an element of Gm

(where u ∈ Gm acts as the identity on P and multiplication by u on L).

Proof. We may work fppf-locally on S and therefore by 5.3.11 may assume
that there exists an isomorphism ρ = (ρP , ρL) : (P,L)→ (P ι, L) over ι : A→
A. The diagram 5.3.13.1 may not commute, but we need to show that after
possible composing ρ with an element of G(P,L) then we can make the diagram
commute. Note that by 5.3.13.1 any two choices of ρ differ by composition by
an element of G(P,L) and therefore the uniqueness part of 5.3.13 follows from
the fact that Gm is equal to the center of G(P,L).
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If α ∈ G(P,L) is a section and ρ′ = ρ ◦ α, then the induced map

ρ′ : G(P,L) → G(P ι,L) (5.3.13.2)

is equal to conjugation by α following by the map induced by ρ. Note also that
in any case the map G(P,L) → G(P,L) induces by construction of ρ in the proof
of 5.3.11 the identity on Gm and multiplication by −1 on H(P,L). Proposition
5.3.13 therefore follows from the following lemma applied to (σ ◦τ)−1 ◦ (ρ◦σ).
ut

Lemma 5.3.14 If λ : G (δ)S → G (δ)S is an automorphism inducing the
identity on Gm and H(δ)S, then fppf-locally on S there exists an element
β ∈ G (δ)(S) such that λ is equal to conjugation by β.

Proof. Since Gm is central in G (δ)S , there exists a unique homomorphism
w : H(δ)→ Gm such that for any g ∈ G (δ)S with image ḡ ∈ H(δ)S we have

λ(g) = w(ḡ) · g. (5.3.14.1)

Since the pairing on H(δ) is perfect, there exists an element w∗ ∈ H(δ)S such
that

〈w∗,−〉 : H(δ)S → Gm (5.3.14.2)

is equal to w. After replacing S by a covering, we can lift w∗ to an element
w̃∗ ∈ G (δ)S . Then for any g ∈ G (δ)S we have by definition of the pairing

w̃∗gw̃∗−1g−1 = w(ḡ), (5.3.14.3)

or equivalently
w̃∗gw̃∗−1 = w(ḡ) · g = λ(g). (5.3.14.4)

ut

Remark 5.3.15. Note that the maps ρP : P → P obtained locally on S from
5.3.13 glue since the ambiguity in ρ only involves the map ρL. It follows that
given data (A,P, L, σ) as in 5.3.13 there exists a canonical globally defined
isomorphism ρP : P → P ι over the map ι : A → A such that the diagram
5.3.13.1 commutes.

5.3.16. Let Σg,δ denote the stack over Z[1/2d] which associates to any
Z[1/2d]-scheme S the groupoid of data:

(A,P, L, σ) (5.3.16.1)

where:

(i) A is an abelian scheme over S;
(ii) P is an A torsor;
(iii) L is an ample invertible sheaf on P ;



5.3 Resolving singularities of theta functions 199

(iv) σ : G (δ)S → G(P,L) is an isomorphism of group schemes inducing the
identity on Gm.

Proposition 5.3.17. The stack Σg,δ is algebraic, and the projection mor-
phism

Σg,δ → Tg,δ[1/2d] (5.3.17.1)

obtained by “forgetting” σ is finite and étale.

Proof. Given an object (A,P, L) ∈ Tg,δ(S), the fiber product I of the diagram

Σg,δy
S

(A,P,L)−−−−−→ Tg,δ

(5.3.17.2)

is the functor associating to any S-scheme T the set of isomorphisms

σ : G (δ)T → G(PT ,LT ) (5.3.17.3)

inducing the identity on Gm. Now fppf locally on S there exists one such
isomorphism, and since Gm is central in G (δ) it follows the I is a torsor under
the finite étale S-group scheme

AutGm(G (δ)). (5.3.17.4)

In particular, I is represented by a finite étale S-group scheme. ut

5.3.18. Let (Au, Pu, Lu, σu) be the universal data over Σg,δ. Then Pu is again
an algebraic stack proper and smooth over Σg,δ. Moreover, by 5.3.13 there is
a canonical involution

ρu : Pu → Pu (5.3.18.1)

over Σg,δ. We will be interested in the stack P ρu of fixed points of this action.
Precisely P ρu is the fiber product of the diagram

Puyid×ρ

Pu
∆−−−−→ Pu ×Σg,δ Pu.

(5.3.18.2)

Note that since Pu → Σg,δ is proper (and in particular separated) and repre-
sentable, the diagonal map

∆ : Pu → Pu ×Σg,δ Pu (5.3.18.3)

is a closed immersion. Therefore P ρu ⊂ Pu is a closed substack.
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5.3.19. If S is a scheme then the groupoid Pu(S) is the groupoid of data

(A,P, L, σ, e), (5.3.19.1)

where (A,P, L, σ) ∈ Σg,δ(S) and e : A→ P is a trivialization.
Let Ng,δ denote the stack over Z[1/2d] associating to any scheme S the

groupoid of data (A,L, σ), where:

(i) A/S is an abelian scheme;
(ii) L is an ample invertible sheaf on A;
(iii) σ : G (δ)S → G (L) is an isomorphism of group schemes inducing the

identity on Gm.

There is a natural functor

F : Pu → Ng,δ, (A,P, L, σ, e) 7→ (A, e∗L, σ). (5.3.19.2)

Lemma 5.3.20 The functor F is an isomorphism of stacks.

Proof. This is immediate. ut

5.3.21. Let N sym
g,δ ⊂ Ng,δ denote the substack classifying triples (A,L, σ),

where L is a symmetric ample sheaf on A and σ is symmetric theta level
structure.

Proposition 5.3.22. The functor F induces an isomorphism

P ρu → N sym
g,δ . (5.3.22.1)

Proof. To say that a point (A,P, L, σ, e) ∈ Pu is invariant under ρ means that
the diagram

A
e−−−−→ P

ι

y yρP
A

e−−−−→ P

(5.3.22.2)

commutes, and hence ι∗e∗L is locally on the base isomorphic to e∗L. Therefore
e∗L is symmetric and σ is a symmetric theta level structure. Conversely, if
(A,L, σ) is an object of N sym

g,δ then the object (A,A,L, σ, e) ∈ Pu is in P ρu .
ut

5.3.23. For any object (A,P, L, σ, e) of P ρu and z ∈ Gm we get an automor-
phism of (A,P, L, σ, e) simply by multiplication by z on L. Let Θg,δ denote
the rigidification of P ρu with respect to Gm.

Proposition 5.3.24. The stack Mg,δ is an open substack of Θg,δ.

Proof. This follows from the preceding discussion and the following lemma.
ut
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Lemma 5.3.25 Let f : A → S be an abelian scheme, and let L be an in-
vertible sheaf on A. Let F be the functor on S-schemes which to any S′ → S
associates the unital set if the pullback LS′ of L to AS′ is relatively very am-
ple on AS′/S

′ and the emptyset otherwise. Then F is represented by an open
subscheme of S.

Proof. Let s ∈ S be a point such that the fiber Ls on As is very ample. For
this note that by [29, Vanishing theorem on p. 150] we have Hi(As, Ls) = 0
for all i > 0. From this and [29, Corollary 3 on p. 53] one sees that there exists
an open neighborhood U of s such that Hi(As′ , Ls′) = 0 for all i > 0 and
s′ ∈ U . Replacing S by this open set we may assume that Hi(As′ , Ls′) = 0
for all i > 0 and s′ ∈ S. By [13, III.7.9.9] the sheaf f∗L is a locally free sheaf
on S whose formation commutes with arbitrary base change. Replacing S by
the complement of the image under f of the closed set of points in A where
f∗f∗L→ L fails to be surjective, we can assume that L defines a morphism

g : A→ PS(f∗L) (5.3.25.1)

After further shrinking around s this map is a closed immersion. ut

Before beginning our discussion of the compactification of Θg,δ let us also
note the following:

Proposition 5.3.26. The stack N sym
g,δ , and hence also Θg,δ, is smooth over

Z[1/2d].

Proof. It suffices to show that N sym
g,δ is formally smooth over Z[1/2d]. Con-

sider a diagram of affine schemes

Spec(R0) ↪→ Spec(R) ↪→ Spec(R′), (5.3.26.1)

where R0 is a field, R and R′ are artinian local rings and R′ → R is surjective
with square zero kernel J . Let (A,L, σ) be an object of N sym

g,δ (R). We have
to exhibit a lifting of (A,L, σ) to R′.

For this choose first any lifting (A′, L′) of (A,L) to R′. Then the line
bundle L′ need not be symmetric on A′, but we can write

ι∗L′ ' L′ ⊗M ′ (5.3.26.2)

for some M ′ reducing to OA. The liftings of OA to A′ are classified by the
group H1(A0,OA0 ⊗ J). Since 2 is assumed invertible in R′ multiplication by
2 on H1(A0,OA0) is an isomorphism and hence there exists a lifting E′ of OA
to A′ such that E′2 'M ′. Then

ι∗(L′ ⊗ E′) ' ι∗L′ ⊗ E′−1 ' L′ ⊗M ⊗ E′−1 ' L′ ⊗ E′. (5.3.26.3)

Replacing L′ by L′⊗E′ we therefore see that there exists a symmetric lifting
of L to A′. Fix one such lifting L′.
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It remains to see that we can find an isomorphism σ′ : G (δ)R′ → G (L′)
reducing to σ and such that the diagram

G (δ)R′
σ′−−−−→ G (L′)

τ

y yD
G (δ)R′

σ′−−−−→ G (L′)

(5.3.26.4)

commutes.
Étale locally on Spec(R′) we can choose an isomorphism G (δ)R′ →

G (L′). The reduction of this isomorphism may not agree with σ, but since
AutGm(G (δ)) is étale over Spec(Z[1/2d]) we can change our choice of isomor-
phism to find a lifting σ′ of σ. The diagram 5.3.26.4 then automatically com-
mutes since it commutes over R and AutGm(G (δ)) is an étale group scheme.
This completes the proof of 5.3.26. ut

5.3.27. We now compactify Θg,δ by generalizing the preceding constructions
to objects of T g,δ.

Let S be a scheme and let (G,MS , P,MP , L) be an object of T g,δ(S). Let
(P ι,MPι , L) denote the log scheme over (S,MS) with ample invertible sheaf
and G-action given by (P,MP , L) but G-action the composite

G
−1−−−−→ G

action−−−−→ Aut(P,MP ). (5.3.27.1)

Note that as before there is a canonical isomorphism of theta groups

G(P,MP ,L) ' G(P ι,MPι ,L). (5.3.27.2)

Proposition 5.3.28. After replacing S by an fppf cover, there exists an iso-
morphism

ρ = (ρ(P,MP ), ρL) : ((P,MP ), L)→ ((P ι,MP ι), L) (5.3.28.1)

of log schemes over (S,MS) with ample sheaves such that the diagram

G×(S,MS) (P,MP ) action−−−−→ (P,MP )

ι×ρ(P,MP )

y yρ(P,MP )

G×(S,MS) (P ι,MP ι)
action−−−−→ (P ι,MP ι)

(5.3.28.2)

commutes. Moreover, ρ is unique up to composition with an element of
G(P,MP ,L).

Proof. The uniqueness statement in the proposition is immediate from the
definition of the theta group.

By a standard application of Artin’s approximation theorem, to prove the
existence of ρ it suffices to consider the case when S is the spectrum of a
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complete noetherian local ring R. By 4.7.2 we are even reduced to the case
when R is artinian local. In this case (G,MS , P,MP , L) is obtained from the
standard construction from data as in 4.2.1 and some map β : HS → R
sending all nonzero elements to the nilradical of R. Let T denote the toric
part of G.

By 5.3.12 there exists some α ∈ A such that ι∗AM is isomorphic to M⊗Lα.
After making an fppf base change on S we can find an element α′ ∈ A with
2α′ = α. Then

ι∗A(M ⊗ Lα′) ' ι∗AM ⊗ L−α′ ' (M ⊗ Lα)⊗ L−1
α′ 'M ⊗ Lα′ . (5.3.28.3)

Therefore by replacing M by M⊗Lα′ we may assume that ι∗M is isomorphic
to M . Fix one such isomorphism

ιM : ι∗AM →M . (5.3.28.4)

Let R denote the sheaf of algebras over A defined in 4.2.4. We construct
an algebra isomorphism

p : ι∗AR → R (5.3.28.5)

as follows. For every x ∈ X note that ι∗ALx is rigidified at 0, and therefore
there exists a unique isomorphism of rigidified line bundles

px : ι∗ALx → L−x. (5.3.28.6)

For x, z ∈ X the diagram

ι∗A(Lx ⊗ Lz)
px⊗pz−−−−→ L−x ⊗ L−z

can

y ycan

ι∗A(Lx+z)
px+z−−−−→ L−x−z

(5.3.28.7)

commutes.
We define p to be the map

ι∗AR ' ⊕(d,x)∈P ι
∗
A(M d ⊗ Lx)

⊕ιdM⊗px−−−−−−→ ⊕(d,x)∈PM d ⊗ Lx ' R. (5.3.28.8)

The commutativity of the diagram 5.3.28.7 and the following 5.3.29 ensures
that this in fact is an isomorphism of graded algebras. We therefore obtain an
isomorphism of polarized schemes

ρ̃ : (P̃ ,O eP (1))→ (P̃ ,O eP (1))×A,ι A. (5.3.28.9)

We extend this to an isomorphism of polarized log schemes as follows.

Lemma 5.3.29 (i) The involution ι : XR → XR sending x to −x preserves
the paving S (i.e. for every ω ∈ S, the image ι(ω) is a cell of S). In particular,
the map (d, x) 7→ (d,−x) induces a map ι : HS → HS.
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(ii) The map ι : HS → HS is the identity. Equivalently, for any x, z ∈ X
and d, d′ > 0 the two elements

(d, x) ∗ (d′, z), (d,−x) ∗ (d′,−z) ∈ HS (5.3.29.1)

are equal.

Proof. For (i), let B : S2X → Q be a quadratic positive semidefinite form
defining S, with associated quadratic function a : X → Q sending x to
B(x, x)/2. Let g : XR → R be the function defined by the lower envelope
of the convex hull of the set

Ga := {(x, a(x))|x ∈ X} ⊂ XR × R (5.3.29.2)

so that S is the domains of linearity of g. Then ι(S) is the domains of linearity
of the function x 7→ g(−x). This function is in fact equal to g because a(−x) =
a(x) for all x which implies that Ga is invariant under the transformation
x 7→ −x. This proves (i).

For (ii) note that by 3.1.8 the map HS ↪→ Hsat/(torsion) is injective,
which implies that HS → Hgp

S ⊗ Q is injective. It therefore suffices to show
that the map ι : Hgp

S ⊗ Q → Hgp
S ⊗ Q is the identity. It follows from the

definitions, that via the isomorphism s : S2XQ ' Hgp
S ⊗ Q defined in 4.8.14

the map ι corresponds to the map

S2XQ → S2XQ, x⊗ y 7→ (−x)⊗ (−y) (5.3.29.3)

which is the identity map. ut

It follows that there is an involution ι : P o HS → P o HS induced by
−1 : X → X which is equal to the identity on HS .

Let U ⊂ A be an open subset over which the sheaves M and Lx are trivial,
and let U ι denote ι(U). Choose trivializations of M |U and the Lx|U ’s over U
compatible with the isomorphisms

Lx ⊗ Lz → Lx+z. (5.3.29.4)

These trivializations then also induce (via the isomorphism ι∗M → M and
the px’s) trivializations of M |ι(U) and Lx|ι(U). With these choices the restric-
tion P̃U of P̃ to U is given by

Proj
U

(OU ⊗Z[HS ] Z[P oHS ]), (5.3.29.5)

and similarly P̃ι(U) is given by

Proj
ι(U)

(Oι(U) ⊗Z[HS ] Z[P oHS ]), (5.3.29.6)

and the map p∗R → R is induced by the map of monoids ι : PoHS → PoHS .
This extends the morphism p to an isomorphism of log schemes
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ρ̃ : (P̃ ,M eP ,O eP (1))→ (P̃ ,M eP ,O eP (1))×A,ι A. (5.3.29.7)

It follows from the construction that these isomorphisms defined locally on A
glue to give a global isomorphism.

To complete the proof of 5.3.28 it remains to see that this isomorphism ρ̃
is compatible with the translation actions of Y and the G-actions.

To prove the compatibility with the G-actions, recall that G can be viewed
as the functor classifying data g = (a, {λx}), where a ∈ A is a point and λx :
t∗aLx → Lx are isomorphisms compatible with the isomorphisms Lx ⊗ Lz →
Lx+z. For such data g, the inverse point ι(g) is the point (−a, {λ⊥x }), where
λ⊥x : t∗−aLx → Lx is the inverse of the isomorphism

Lx
'−−−−→ t∗−at

∗
aLx

t∗−aλx−−−−→ t∗−aLx.
(5.3.29.8)

To prove the compatibility with the G-actions it suffices to show that the
diagram

taι
∗Lx

px // t∗aL−x

λ−x

��

ι∗t∗−aLx

'
99tttttttttt

λ⊥x %%JJ
JJJ

JJJ
JJ

ι∗Lx
px // L−x

(5.3.29.9)

commutes (in fact it suffices to show that this diagram commutes up to mul-
tiplication by a scalar independent of x but we prove the stronger result).

If a = {e}, then the diagram commutes by the definition of λ⊥x . In fact if
a = {e}, then λx differs from the identity morphism by a scalar and the map
λ⊥x differs from the identity morphism by the inverse of that scalar. Since the
diagram

Lx ⊗ L−x
can

$$J
JJJJJJJJ

λ−x⊗λx

��

OA

Lx ⊗ L−x

can

::ttttttttt

(5.3.29.10)

commutes it follows that λ⊥x = λ−x.
By taking the difference of the two composites going around the diagram

5.3.29.9 we obtain a morphism of schemes

F : G→ Gm. (5.3.29.11)

This map is defined by a global section u ∈ H0(G,O∗
G). The following lemma,

combined with the commutativity of 5.3.29.9 when g ∈ T implies that u = 1.
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Therefore F descends to a morphism A → Gm. Since such a morphism is
necessarily constant it follows that the diagram 5.3.29.9 commutes for all
g ∈ G. This proves the compatibility with the G-actions.

Lemma 5.3.30 The map

H0(G,OG) = ⊕x∈XH0(A,Lx)→ ⊕x∈XΓ (S, e∗Lx) = Γ (T,OT ) (5.3.30.1)

is injective.

Proof. By a standard devissage using the flatness of G and T over S one
reduces to the case when S is the spectrum of an algebraically closed field. In
this case the result is clear, for H0(A,Lx) is nonzero if and only if Lx ' OA
in which case H0(A,Lx) has dimension 1. ut

Finally we check the compatibility with the Y -actions. First note that the
maps

t∗−ypx : t∗−yι
∗Lx → t∗−yL−x (5.3.30.2)

can be described as follows. Giving such a map is equivalent to giving an
isomorphism between their fibers over 0 ∈ A, or equivalently an isomorphism

Lx(y)→ L−x(−y). (5.3.30.3)

We have already encountered such a map. Namely, let B → A × At denote
the Poincare biextension, and recall that in 1.2.6 a map

σ : B → (−1)∗B (5.3.30.4)

was constructed. This map σ defines for every (y, x) ∈ A×At an isomorphism

σy,x : Lx(y) = B(y,x) → B(−y,−x) = L−x(−y). (5.3.30.5)

If we fix x ∈ X we therefore obtain two sections of the Gm-torsor B(−,x) over
A. The first is given by the maps σy,x and the second is given by the maps
5.3.30.2 (note that these maps are defined for any y ∈ A). These two sections
define a morphism of schemes

A→ Gm (5.3.30.6)

which takes the identity to 1 (this follows from the definition of σ). It follows
that in fact 5.3.30.2 is equal to the map defined by σy,x.

Lemma 5.3.31 For any y ∈ Y and x ∈ X, the diagram

ι∗t∗yLx
ι∗τ(y,x) // ι∗Lx

px

��

t∗−yι
∗Lx

'
99sssssssss

t∗−ypx

%%KKKKKKKKK

t∗−yL−x
τ(−y,−x)// L−x

(5.3.31.1)

commutes.
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Proof. Let Etriv denote the trivial biextension of Y ×X by Gm. By the above
discussion the commutativity of 5.3.31.1 is equivalent to the commutativity
of the diagram of biextensions

Etriv
σEtriv−−−−→ Etriv

τ

y yτ
B

σB−−−−→ B,

(5.3.31.2)

and the observation that σEtriv on Gm × Y ×X is just the map (id,−1,−1).
ut

Remark 5.3.32. The restriction to A×A of the isomorphism of biextensions
σ : B → (−1)∗B over A× At can be described explicitly as follows. For any
point (y, x) ∈ A×A the fiber By,λM (x) is equal to

M (x+ y)⊗M (x)−1 ⊗M (y)−1, (5.3.32.1)

and ((−1)∗B)(y,λM (x)) is equal to

M (−x− y)⊗M (−x)−1 ⊗M (−y)−1. (5.3.32.2)

The fixed isomorphism ι∗M →M defines for every a an isomorphism between
M (a) and M (−a), and hence we get for every (y, x) ∈ A×A an isomorphism
between 5.3.32.1 and 5.3.32.2. In this way we obtain an isomorphism ρ : B →
(−1)∗B over A × A (a priori not respecting the biextension structure, but
compatible with the Gm-action). The difference between ρ and σ is a map
A × A → Gm, which as before must be constant. Since ρ and σ agree over
(e, e) ∈ A×A it follows that ρ = σ.

Let ψ′ be the trivialization

Y → ct∗M−1 (5.3.32.3)

sending y ∈ Y to the element ψ(−y) of

M−1(−y) ' (ι∗M−1)(y)ιM→M−1(y). (5.3.32.4)

It follows from the discussion in 5.3.32 that the induced trivialization of
B|Y×X is then equal to σ−1 ◦ τ ◦ σEtriv which by the above is equal to τ .
We conclude that ψ and ψ′ differ by a homomorphism h : Y → Gm.

After making a flat base change on S, we can extend h to a homomorphism
h̃ : X → Gm. Let ρ′ denote the isomorphism

(P̃ ,M eP ,O eP (1))→ (P̃ ,M eP ,O eP (1))×A,ι A (5.3.32.5)

obtained by composing ρ with h̃ ∈ T (S), and let
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ρ′x : ι∗Lx → L−x (5.3.32.6)

denote the isomorphism h̃(x) · ρx so that ρ′ is obtained by summing the maps

ι⊗dM ⊗ ρ′x : ι∗(M d ⊗ Lx)→M d ⊗ L−x. (5.3.32.7)

By the definition of h̃, the diagram

ι∗(t∗yM )
ψ(y) // ι∗(M ⊗ Ly)

ιM⊗ρ′y

��

t∗−yι
∗M

'
99ssssssssss

ιM

%%KKKKKKKKKK

t∗−yM
ψ(−y) //M ⊗ L−y

(5.3.32.8)

commutes.
Replacing ρ by ρ′ we then find that for every (d, x) ∈ P and y ∈ Y the

diagram

t∗−yι
∗(M d ⊗ Lx)

'

))SSSSSSSSSSSSSS

ι⊗dM ⊗ρxuukkkkkkkkkkkkkk

t∗−y(M
⊗d ⊗ L−x)

ψ(−y)dτ(−y,−x)
��

ι∗t∗y(M
d ⊗ Lx)

ψ(y)dτ(y,x)

��
M⊗d ⊗ L−x−dy

can

��

ι∗(M d ⊗ Lx+dy)

can

��

ι⊗dM ⊗ρx+dy
oo

M⊗d ⊗ L−x ⊗ L−dy ι∗(M d ⊗ Lx ⊗ Ldy)
ι⊗dM ⊗ρx⊗ρdy

oo

(5.3.32.9)
commutes. Indeed the square commutes by the commutativity of 5.3.28.7,
and the outside pentagon commutes as it is obtained by tensoring d-copies of
5.3.32.8 with a copy of 5.3.31.1. This implies that the diagram of log schemes
with line bundles

Y × (P̃ ,M eP ,O eP (1)) action−−−−→ (P̃ ,M eP ,O eP (1))

(−1)×ρ
y yρ

Y × (P̃ ι,M eP ι ,O eP (1)) action−−−−→ (P̃ ι,M eP ι ,O eP (1))

(5.3.32.10)

commutes. Therefore ρ descends to an isomorphism
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(P,MP , L)→ (P ι,MP ι , L) (5.3.32.11)

thereby completing the proof of 5.3.28. ut

By the same argument proving 5.3.13 we also obtain the following:

Proposition 5.3.33. Let S be a scheme, (G,MS , P,MP , L) an object of
T g,δ(S), and σ : G (δ)S → G(P,MP ,L) an isomorphism restricting to the
identity on Gm. Then fppf locally on S there exists an isomorphism ρ =
(ρ(P,MP ), ρL) : ((P,MP ), L) → ((P ι,MP ι), L) over ι : G → G such that the
diagram

G (δ)S
σ−−−−→ G(P,MP ,L)

τ

y yρ
G (δ)S

σ−−−−→ G(P ι,MPι ,L)

(5.3.33.1)

commutes, where the right vertical arrow is the isomorphism induced by ρ.
Moreover ρ is unique up to composition with the action of an element of Gm

(where u ∈ Gm acts as the identity on (P,MP ) and multiplication by u on L).

5.3.34. Let Σg,δ denote the stack over Z[1/2d] which to any Z[1/2d]-scheme
S associates the groupoid of data

(G,MS , P,MP , L, σ), (5.3.34.1)

where
(G,MS , P,MP , L) ∈ T g,δ(S) (5.3.34.2)

and
σ : G (δ)S → G(P,MP ,L) (5.3.34.3)

is an isomorphism of group schemes inducing the identity on Gm. As in 5.3.17
the forgetful map

Σg,δ → T g,δ[1/2d] (5.3.34.4)

is finite and étale (in particular Σg,δ is algebraic). Let MΣg,δ
denote the

pullback to Σg,δ of the log structure on T g,δ[1/2d] so that (Σg,δ,MΣg,δ
) is

log smooth over Z[1/2d].

5.3.35. Let
(Gu,MΣg,δ

, Pu,MPu
, Lu, σu) (5.3.35.1)

denote the universal data overΣg,δ. By 5.3.33 there is a canonical isomorphism

ρ : (Pu,MPu
)→ (Pu,MPu

) (5.3.35.2)

over (Σ,MΣ). Let (Pu,MPu
)ρ denote the fiber product of the diagram of fine

log stacks
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(Pu,MPu
)yid×ρ

(Pu,MPu
) ∆−−−−→ (Pu,MPu

)×(Σg,δ,MΣg,δ
) (Pu,MPu

).

(5.3.35.3)

We can describe the log stack (Pu,MPu
)ρ more explicitly as follows.

Lemma 5.3.36 Let M be an integral monoid and ρ : M → M an automor-
phism with ρ2 = id.
(i) Let E ⊂M ×M be the set of elements of (m,m′) such that there exists an
element k ∈M with m+ k = m′ + ρ(k). Then E is a congruence relation on
M (i.e. E is a submonoid of M ×M and defines an equivalence relation on
the underlying set of M).
(ii) Let Mρ be the colimit in the category of integral monoids of the diagram

M
id−−−−→ M

ρ

y
M.

(5.3.36.1)

Then Mρ is the quotient of M by the congruence relation E.

Proof. The subset E ⊂M ×M is a submonoid: If

m+ k = m′ + ρ(k) and n+ l = n′ + ρ(l) (5.3.36.2)

then

m+ n+ (k + l) = m′ + n′ + ρ(k) + ρ(l) = m′ + n′ + ρ(k + l) (5.3.36.3)

so (m+ n,m′ + n′) ∈ E.
The subset E ⊂M ×M is also an equivalence relation:

(i) (m,m) ∈ E (take k = 0);
(ii) If m+ k = m′ + ρ(k) then if k′ := ρ(k) we have ρ(k′) = k (since ρ2 = id)

which implies that m′ + k′ = m+ ρ(k′). Therefore if (m,m′) ∈ E we have
(m′,m) ∈ E);

(iii) If m+ k = m′ + ρ(k) and m′ + k′ = m′′ + ρ(k′) then

m+k+k′ = m′+ρ(k)+k′ = m′′+ρ(k)+ρ(k′) = m′′+ρ(k+k′). (5.3.36.4)

Let M ′ denote the quotient of M by E. Then there is a canonical map
M ′ → Mρ so it suffices to show that M ′ is integral. If m,n, n′ ∈ M are
elements with images m̄, n̄, n̄′ ∈M ′ then if

m̄+ n̄ = m̄+ n̄′ (5.3.36.5)

there exists an element k ∈M with

m+ n+ k = m+ n′ + ρ(k). (5.3.36.6)

Since M is integral this implies that n+ k = n′ + ρ(k) so n̄ = n̄′. ut
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5.3.37. Let P
ρ

u be the fiber product of the diagram

Puyid×ρ

Pu
∆−−−−→ Pu ×Σg,δ Pu.

(5.3.37.1)

Note that P
ρ

u may differ from the underlying stack of (Pu,MPu
)ρ as the

forgetful functor from the category of fine log schemes to ordinary schemes
does not commute with fiber products.

Since Pu is separated and representable over Σg,δ the map ∆ is a closed
immersion whence the functor

j : P
ρ

u → Pu (5.3.37.2)

is also a closed immersion. Since the diagram

Pu

ρ

��

P
ρ

u

j
>>~~~~~~~

j

  @
@@

@@
@@

@

Pu

(5.3.37.3)

commutes, the map ρb : ρ∗MPu
→MPu

induces an automorphism, which we
again denote by ρ, of the pullback j∗MPu

. Note that by construction ρ2 = id.

Lemma 5.3.38 Let (U,MU ) be a fine saturated log scheme and let ρ : MU →
MU be an automorphism of the log structure MU such that ρ2 = id. Then
étale locally on U there exists a triple (N, β, ι), where

(i) N is a fine saturated monoid;
(ii) β : N →MU is a chart;
(iii) ι : N → N is an automorphism such that the diagram

N
β−−−−→ MU

ι

y yρ
N

β−−−−→ MU

(5.3.38.1)

commutes.

Proof. Let x̄→ U be a geometric point, and let Q denote the monoid MU,x̄,
and let ρQ : Q→ Q be the automorphism defined by ρ. Since MU is saturated,
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there exists a section s : Q → MU,x̄. Let Q′ denote the monoid Q ⊕ Q and
define s′ : Q′ →MU,x̄ to be the map

(q1, q2) 7→ s(ρQ(q1)) + ρ(s(q2)). (5.3.38.2)

Let ι : Q′ → Q′ be the automorphism

(q1, q2) 7→ (ρQ(q2), ρQ(q1)). (5.3.38.3)

Then the diagram

Q′
s′−−−−→ MU,x̄

ι

y yρ
Q′

s′−−−−→ MU,x̄

(5.3.38.4)

commutes. Set
N := Q′gp ×Mgp

U,x̄
MU,x̄, (5.3.38.5)

let ι : N → N be the automorphism induced by ι on Q′gp, and let β : N →
MU,x̄ be the projection. Then by [20, 2.10] the map β extends to a chart in
some étale neighborhood of x̄ and the diagram 5.3.38.1 will also commute in
some étale neighborhood since it commutes at x̄. ut

5.3.39. There is a natural projection

z : (Pu,MPu
)ρ → (P

ρ

u, j
∗MPu

). (5.3.39.1)

Let c : U → P
ρ

u be a smooth morphism from a scheme such that there exists a
triple (N, β, ι) as in 5.3.38 for c∗j∗MPu

. Then the fiber product of the diagram

(U, c∗j∗MPu
)yc

(Pu,MPu
)ρ z−−−−→ (P

ρ

u, j
∗MPu

)

(5.3.39.2)

is equal to the fiber product of the diagram

(U, c∗j∗MPu
)yβ

Spec(Nι → Z[Nι]) −−−−→ Spec(N → Z[N ]),

(5.3.39.3)

where Nι is as in 5.3.36.

Corollary 5.3.40 The map 5.3.39.1 is a closed immersion (in the logarith-
mic sense 1.3.7). In particular the underlying morphism of stacks is a closed
immersion.
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5.3.41. Write P
ρ,log

u for the underlying stack of (Pu, ,MPu
)ρ and M

P
ρ,log
u

for
the log structure so by definition we have

(Pu, ,MPu
)ρ = (P

ρ,log

u ,M
P
ρ,log
u

). (5.3.41.1)

Let
i : (P

ρ,log

u ,M
P
ρ,log
u

)→ (Pu,MPu
) (5.3.41.2)

be the inclusion so we have a commutative diagram

(P
ρ,log

u ,M
P
ρ,log
u

)

i

66
z // (P

ρ

u, j
∗MPu

)
j // (Pu,MPu

). (5.3.41.3)

5.3.42. If S is a scheme, the groupoid P
ρ,log

u (S) is the groupoid of data

(G,MS , P,MP , L, σ, t : MS →M ′
S , p), (5.3.42.1)

where

(i) (G,MS , P,MP , L, σ) is an object of Σg,δ;
(ii) t : MS →M ′

S is a morphism of fine log structures on S;
(iii) p : (S,M ′

S)→ (P,MP ) is a morphism of log schemes such that the diagram

(P,MP )

��

(S,M ′
S)

p
99ssssssssss

t

%%KKKKKKKKKK

(S,MS)

(5.3.42.2)

commutes. In addition we require that ρ ◦ p = p and that the map
p∗MP → M ′

S identifies M ′
S with the colimit (in the category of integral

log structures) of the diagram

p∗MP

ρ

''

id

77p
∗MP . (5.3.42.3)

The log structure M
P
ρ,log
u

on P
ρ,log

u is the log structure defined by M ′
S .

5.3.43. Note in particular that any object of P
ρ,log

u admits an action of Gm

(acting on the line bundle). Let Θg,δ denote the rigidification of P
ρ,log

u with
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respect to this Gm-action. As in 4.11.11 the log structure M
P
ρ,log
u

descends to

a log structure MΘg,δ
on Θg,δ.

We can now state the main result of this section:

Theorem 5.3.44 (i) The stack Θg,δ is proper over Z[1/2d];
(ii) The log stack (P

ρ,log

u ,M
P
ρ,log
u

), and hence also (Θg,δ,MΘg,δ
), is log

smooth over Z[1/2d];
(iii) The natural map Θg,δ → Θg,δ is a dense open immersion, and iden-

tifies Θg,δ with the maximal open substack over which MΘg,δ
is trivial.

The proof is in several steps 5.3.45–5.3.53.

5.3.45. That Θg,δ is proper over Z[1/2d] can be seen as follows. Let

Σg,δ//Gm and T g,δ[1/2d]//Gm (5.3.45.1)

denote the rigidifications with respect to Gm of Σg,δ and T g,δ[1/2d] respec-
tively. Then T g,δ[1/2d]//Gm is a H -gerbe over A g,δ[1/2d], and in particular
is proper over Z[1/2d]. The properness of Θg,δ over Z[1/2d] then follows from
the observation that there is a diagram

Θg,δ
v−−−−→ Σg,δ//Gm

w−−−−→ T g,δ[1/2d]//Gm, (5.3.45.2)

where v is proper and w is finite. It follows that Θg,δ is proper over Z[1/2d].
It is also clear that the map Θg,δ → Θg,δ identifies Θg,δ with the maxi-

mal open substack where MΘg,δ
is trivial. If (Θg,δ,MΘg,δ

) is log smooth over
Z[1/2d] then this open substack is also dense. To prove 5.3.44 it therefore
suffices to prove that (P

ρ,log

u ,M
P
ρ,log
u

) is log smooth over Z[1/2d].

5.3.46. To verify the log smoothness of (P
ρ,log

u ,M
P
ρ,log
u

) we verify the in-
finitesimal lifting property.

Let R′ → R be a surjection of artinian local rings and let R0 be the residue
field of R. Assume that the kernel J ⊂ R′ of R′ → R is a square-zero ideal
and hence can be viewed as a R0-module. Fix data as in 4.2.1 over R′ and a
map β : HS → R′ sending all nonzero elements to the maximal ideal, and let

(G′,MR′ , P
′,MP ′ , L

′) (5.3.46.1)

denote the resulting standard family over Spec(R′). Let (G,MR, P,MP , L)
(resp. (G0,MR0 , P0,MP0 , L0)) denote the reduction to R (resp. R0). Using
5.3.12 we may assume that the line bundle M on A is symmetric and fix an
isomorphism ιM : ι∗M →M .

Fix also the following data:

(i) A morphism of log structures t′ : MR′ → M ′
R′ and let t : MR → MR

(resp. t0 : MR0 →M ′
R0

) be the reduction to R (resp. R0).
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(ii) An isomorphism σ : G (δ)R → G(P,MP ,L) inducing the identity on Gm. By
5.3.33 this defines a morphism ρ : (P,MP , L)→ (P,MP , L).

(iii) A morphism p : (Spec(R),M ′
R)→ (P,MP ) over (Spec(R),MR) such that

ρ ◦ p = ρ and such that the map to M ′
R identifies M ′

R with the colimit of
the diagram

p∗MP

ρ

''

id

77p
∗MP . (5.3.46.2)

This data defines a commutative diagram of solid arrows

(Spec(R),M ′
R) a //

b

��

(P
ρ,log

u ,M
P
ρ,log
u

)

d

��
(Spec(R′),M ′

R′)
c //

e
66nnnnnnn

(T g,δ,MT g,δ
).

(5.3.46.3)

We show that there exists a morphism e filling in the diagram.

5.3.47. By 5.3.5, the automorphism group scheme of G (δ) is étale over
Z[1/2d], and therefore the isomorphism σ lifts uniquely to an isomorphism

σ′ : G (δ)R′ → G(P ′,MP ′ ,L
′). (5.3.47.1)

By 5.3.33 this in turn determines an automorphism

ρ′ : (P ′,MP ′)→ (P ′,MP ′). (5.3.47.2)

5.3.48. Let P̃ ′ → P ′ be the covering used in the standard construction, and
let π : P̃ ′ → A′ be the projection. As before let P̃ (resp. P̃0) denote the
reduction of P̃ to R (resp. R0).

By the proof of 5.3.28 the automorphism ρ lifts to an automorphisms

ρ̃ : (P̃ ,M eP )→ (P̃ ,M eP ) (5.3.48.1)

over the isomorphism ι : A→ A (since we assumed M was symmetric).
Since P̃ ′ → P ′ is étale, we can after possibly replacing R′ by an étale

covering find a lifting

p̃ : (Spec(R),M ′
R)→ (P̃ ,M eP ) (5.3.48.2)

of p. Let a ∈ A(R) denote π(p̃) (where π : P̃ → A is the projection). Since
ρ ◦ p = p we have ρ̃ ◦ p̃ = ty(p̃) for some y ∈ Y . Applying π we get that
ι(a) = a+ ct(y). Equivalently

−2a = ct(y). (5.3.48.3)
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Choose a point a′ ∈ A′(R′) reducing to a such that −2a′ = ct(y) in A′(R′).
Let (Za′ ,MZa′ ) denote the fiber product

Za′ := Spec(R′)×a′,A′ P̃ ′ (5.3.48.4)

with MZa′ the pullback of the log structure on P̃ ′, and let (Za′+y,MZa′+y )
denote the fiber product

Za′+y := Spec(R′)×a′+ct(y),A P̃ ′ (5.3.48.5)

with the pullback of M eP ′ . The map ρ̃ induces an isomorphism (which we again
denote by ρ̃)

ρ̃ : (Za′ ,MZa′ )→ (Za′+y,MZa′+y ). (5.3.48.6)

Translation by y also induces a map

ty : (Za′ ,MZa′ )→ (Za′+y,MZa′+y ) (5.3.48.7)

and we let
α : (Za′ ,MZa′ )→ (Za′ ,MZa′ ) (5.3.48.8)

denote the automorphism ρ̃−1 ◦ ty. The point p̃ then defines a map

w : (Spec(R),M ′
R)→ (Za′ ,MZa′ ) (5.3.48.9)

such that α ◦ w = w. We need to show that we can lift this to a map

w′ : (Spec(R′),M ′
R′)→ (Za′ ,MZa′ ) (5.3.48.10)

with α ◦ w′ = w′.

5.3.49. Let Ra′ denote the ring

Ra′ = ⊕(d,x)∈PM (a′)⊗d ⊗ Lx(a′) (5.3.49.1)

with algebra structure defined by the maps 3.1.10.2. Then

Za′ = Proj(Ra′). (5.3.49.2)

By the construction of ty and the map ρ̃ (see for example the proof of
5.3.28), the automorphism α is induced by maps

αx : Lx(a′)→ L−x(a′) (5.3.49.3)

such that for every x, z ∈ X the diagram

Lx(a′)⊗ Lz(a′)
αx⊗αz−−−−→ L−x(a′)⊗ L−z(a′)

can

y ycan

Lx+z(a′)
αx+z−−−−→ L−x−z(a′)

(5.3.49.4)

commutes.



5.3 Resolving singularities of theta functions 217

Lemma 5.3.50 After replacing R′ by an étale covering, there exists trivial-
izations ξx ∈ Lx(a′) such that for every x, z ∈ X the diagram

Lx(a′)⊗ Lz(a′)

can

��

R′

ξx⊗ξz
88qqqqqqqqqqq

ξx+z

&&MMMMMMMMMMM

Lx+z(a′)

(5.3.50.1)

commutes, and such that for every x ∈ X the diagram

Lx(a′)

αx

��

R′

ξx
;;wwwwwwwww

ξ−x

##G
GG

GG
GG

GG

L−x(a′)

(5.3.50.2)

commutes.

Proof. Choose first trivializations ξx ∈ Lx(a′) such that the diagrams 5.3.50.1
commute. This is possibly simply by fixing a basis x1, . . . , xr for X, choosing
ξxi for i = 1, . . . , r, and then defining for x = a1x1+· · ·+arxr the trivialization
ξx to be the element

ξa1
1 ⊗ · · · ⊗ ξarr ∈ La1

x1
(a′)⊗ · · ·Larxr (a

′) = Lx(a′). (5.3.50.3)

For every x ∈ X we then get a unit ux ∈ R′∗ characterized by the condition
that

αx(ξx) = uxξ−x. (5.3.50.4)

The commutativity of 5.3.49.4 together with the commutativity of the dia-
grams 5.3.50.1 implies that for all x, z ∈ X the diagrams
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Lx(a′)⊗ Lz(a′)

αx⊗αz

��

can // Lx+z(a′)

αx+z

��

R′

ξx⊗ξz
77pppppppppppp

ξx+z

%%

uxξ−x⊗uzξ−z

''NNNNNNNNNNNN

ux+zξ−x−z

99
L−x(a′)⊗ L−z(a′)

can // L−x−z(a′)

(5.3.50.5)

L−x(a′)⊗ L−z(a′)

can

��

R′

ξ−x⊗ξ−z
77pppppppppppp

ξ−x−z

''NNNNNNNNNNNN

L−x−z(a′)

(5.3.50.6)

commute. From this it follows that the ux’s define a homomorphism

u : X → R′∗. (5.3.50.7)

After replacing R′ by an étale cover (since 2 is invertible in R′), there exists
a homomorphism

λ : X → R′∗ (5.3.50.8)

such that for all x ∈ X we have

λ2
x = u−1

x . (5.3.50.9)

Then we have

αx(λxξx) = λxuxξ−x = λ−1
x ξ−x = λ−xξ−x. (5.3.50.10)

It follows that by replacing ξx by λxξx we obtain the desired trivializations of
the Lx(a′). ut

5.3.51. Choose trivializations ξx ∈ Lx(a′) as in 5.3.50. These choices define
an isomorphism of log schemes

(Za′ ,MZa′ ) ' Proj(P oHS → R⊗Z[HS ] Z[P oHS ]) (5.3.51.1)

such that the automorphism α is induced by the involution ι : P o HS →
P o HS described in the proof of 5.3.28 (recall that ι is the automorphism
induced by multiplication by −1 on X).
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For p ∈ P let Ũp ⊂ Spec(R⊗Z[HS ] Z[P oHS ]) be the open subset of points
x where p maps to a unit in k(x), and let Up ⊂ Za′ denote the image of Ũp.
Note that Up is affine. If Qp ⊂ (P o HS)p denotes the submonoid of degree
0-elements in the localization then as a log scheme

Up = Spec(Qp → R⊗Z[HS ] Z[Qp]). (5.3.51.2)

For any p ∈ P the open subset Up+ι(p) ⊂ Za′ is α-invariant, and the union
of these open sets cover the set of points fixed by α.

We can therefore find a strict open immersion compatible with involutions

Spec(Q→ R⊗Z[HS ] Z[Q]) ⊂ (Za′ ,MZa′ ) (5.3.51.3)

where HS → Q is a morphism of fine monoids and ι : Q→ Q is an involution
fixing HS , such that the image of w is contained in this open set. Let Qι
denote the colimit (in the category of integral monoids) of the diagram

Q

ι
""

id

<< Q . (5.3.51.4)

Then the map w (5.3.48.9) defines a strict morphism

w̄ : (Spec(R),M ′
R)→ Spec(Qι → R′ ⊗Z[HS ] Z[Qι]), (5.3.51.5)

and to define the lifting w′ such that α◦w′ = w′ it suffices to lift this morphism
w̄ to a morphism

w̄′ : (Spec(R′),M ′
R′)→ Spec(Qι → R′ ⊗Z[HS ] Z[Qι]). (5.3.51.6)

Note that such a lifting w̄′ is automatically strict which ensures that the
colimit condition in 5.3.42 (iii).

Lemma 5.3.52 (i) The kernel and the torsion part of the cokernel of the
map Hgp

S → Qgpι are annihilated by a power of 2.
(ii) The morphism

Spec(Qι → R′ ⊗Z[HS ] Z[Qι])→ (Spec(R′),MR′) (5.3.52.1)

is log smooth.

Proof. Part (ii) follows form (i) and 1.3.11.
To see (i), note that Q is obtained by taking the degree 0 part of a local-

ization of P oHS . It follows that if Ngp denotes the cokernel of Hgp
S → Qgp

then there is a commutative diagram

0 −−−−→ Hgp
S −−−−→ Qgp −−−−→ Ngp −−−−→ 0

=

y y y
0 −−−−→ Hgp

S −−−−→ (P oHS)gp −−−−→ P gp −−−−→ 0,

(5.3.52.2)
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where the rows are exact and the vertical arrows are inclusions. In particular
Hgp
S → Qgp is injective and Ngp is torsion free. Let G denote the group {±1}.

Then
Qgpι ' Z⊗Z[G] Q

gp, (5.3.52.3)

where Z is viewed as a trivial G-module and Q as a G-module via the au-
tomorphism ι. To prove part (i) of the lemma it therefore suffices to show
that

Z[1/2]⊗Z[G] H
gp
S → Z[1/2]⊗Z[G] Q

gp (5.3.52.4)

is injective and that Z[1/2] ⊗Z[G] N
gp is torsion free. This is clear because if

M is a Z[1/2][G]-module then M 'M+⊕M−, where G acts trivially on M+

and by multiplication by −1 on M− and

Z⊗Z[G] M 'M+. (5.3.52.5)

ut

5.3.53. This completes the proof of 5.3.44, for since

Spec(Qι → R′ ⊗Z[HS ] Z[Qι])→ (Spec(R′),MR′) (5.3.53.1)

is log smooth we can by the infinitesimal lifting property 1.3.7 (iii) find a
lifting w̄′ of w̄. ut

5.3.54. Note that the proof in fact shows that the morphism

π : (Θg,δ,MΘg,δ
)→ (A g,δ[1/2d],MA g,δ[1/2d]

) (5.3.54.1)

is log smooth and proper. Since the restriction

Θg,δ → Ag,δ[1/2d] (5.3.54.2)

is finite and étale we obtain:

Corollary 5.3.55 The morphism 5.3.54.1 is proper and log étale.
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Notes in Math. 288, Springer–Verlag, Berlin (1972).

16. R. Hartshorne, Algebraic geometry, Springer-Verlag, New York, 1977, Graduate
Texts in Mathematics 52.



222 References

17. L. Illusie, An overview of the work of K. Fujiwara, K. Kato, and C. Nakayama
on logarithmic étale cohomology, Astérisque 279 (2002), 271–322.
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