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SMOOTHING GORENSTEIN TORIC FANO 3-FOLDS

ALESSIO CORTI, PAUL HACKING, AND ANDREA PETRACCI

ABSTRACT. We introduce admissible Minkowski decomposition data (amd) for a 3-dimensional re-
flexive polytope P. This notion is defined purely in terms of the combinatorics of P. Denoting by
Xp the Gorenstein toric Fano 3-fold whose fan is the spanning fan (a.k.a. face fan) of P, our first
result states that amd for P determine a smoothing of X p. Our second result amounts to an effective
recipe for computing the Betti numbers of the smoothing.

In the companion paper [1I] we study by computer millions of amd for the 4,319 3-dimensional
reflexive polytopes, and in particular recover the 98 families of Fano 3-folds whose anticanonical line
bundle is very ample.
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1. INTRODUCTION

1.1. Summary of the paper and short discussion of its context. Our first result is Theorem [ .17
a sufficient condition for smoothing a Gorenstein toric Fano 3-fold starting from admissible Minkowski
decomposition data (amd), see Definition [[.TOl Note that, because ampleness is an open condition, the
smoothing is a Fano 3-fold. Our second result is Theorem [[.L20— and the more precise Theorem [.2]
— implying an effective recipe for computing the Betti numbers of the smoothing from the amd.

Gorenstein toric Fano 3-folds are in correspondence with 3-dimensional reflexive polytopes, where
the polytope P corresponds to the toric variety Xp whose fan is the spanning fan, also known as the
face fan, of P. Our main result states that a smoothing of Xp can be constructed from amd for P.

These results are not optimal — see Remark [[LT9— but they are applicable to a very large, though
of course finite, set of examples. Our Theorems and allow to compute the Betti numbers of
the smoothing from the amd. In [I1] the technology is applied to construct smoothings of Gorenstein
toric Fano 3-folds and compute their Betti numbers from millions of amd.

Our results go some way towards explaining the facts on mirror symmetry for Fano 3-folds first
observed “experimentally” in [12] [I]. Indeed, starting from amd for a reflexive polytope P, in this
paper we construct:

(A) A smoothing X of the toric Fano 3-fold Xp. The companion paper [I1], using Theorems
and [(.2] locates X in the Mori-Mukai classification;

On the other hand, as explained in [I], amd for P give:

(B) A Laurent polynomial w with Newton polytope P, called a Minkowski polynomial. Paper [I]
computes the classical period of w.

Paper [12] computes the regularized quantum periods of all the Fano 3-folds in the Mori-Mukai list,
and it can be seen from the outcome of the computation that the classical period of w equals the
regularized quantum period of the smoothing.

In other words, we now have constructions for both the A and the B sides of mirror symmetry
starting from the same combinatorial datall However, we are still missing a conceptual explanation of
why the two periods are equal. This would follow if we had the technology for computing the quantum
cohomology of the smoothing from the toric degeneration and the amd. The technology does not yet
exist, but the paper [23] proves some encouraging results in this direction.

This paper is a first step in a program to construct deformations of toric Fano varieties systemati-
cally, where the ultimate goal is to prove a general form of the Fano/Landau—Ginzburg correspondence,
with application to the classification of Q-Fano 3-folds — see [I3] — and Gorenstein terminal Fano
4-folds.

*We are oversimplifying. The Minkowski polynomial only depends on the choice, for all facets F' < P, of (a) an
admissible Minkowski decomposition of F. However, according to Definition [[I0] amd for P involve a further choice,
for all F, of (b) a dual tropical arrangement satisfying the matching condition (c) on dull edges. Now fix (a) and assume
that we can also further choose (b) such that (c) holds: we don’t know how to prove from first principles that these
additional choices lead to deformation equivalent smoothings. (But it is not very difficult to show that the smoothings
have the same Betti numbers.)
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Remark 1.1. The work of Thomas Prince [45] 46l [47] presents a different perspective on the questions
studied here.

1.2. Outline of the Introduction. In § .3 and § [[L4] we state our results precisely; we also define
the notions and explain the constructions that enter the statements.

In §[L.5 we explain some key ideas of the proof, in § [[.6] we give an outline of the paper; § [ 7 collects
notation in use throughout.

1.3. Smoothing Gorenstein toric Fano 3-folds.

Definition 1.2. An A_;-triangle is a lattice segment of lattice length 1. If n is a non-negative integer,
an A, -triangle is a lattice polygon Z? x GLa(Z)-equivalent to the triangle [(0,0), (0,1),(n+1,1)]. An
A-triangle is an A, -triangle for some integer n > —1, see Figure[Il

A

FIGURE 1. An A_;-triangle, an A¢-triangle, an A;-triangle and an As-triangle.

Definition 1.3. The Minkowski sum of lattice polytopes F1,..., F, in a lattice L is the lattice poly-
topdj

P+ +F={vu+-+uv|nek,. . v ckF}
A Minkowski decomposition of a lattice polytope F' is a tuple of lattice polytopes whose Minkowski
sum is F'. These lattice polytopes are called Minkowski summands of F.

Definition 1.4. Let L be a lattice of rank 2 and let F' be a lattice polygon in L. An admissible
Minkowski decomposition of F' is a Minkowski decomposition where each Minkowski summand is an
A-triangle. Minkowski decompositions that differ by reordering and translating the summands are
considered to be the same.

Example 1.5. The hexagon F = [(1,0),(1,1),(0,1),(—1,0),(=1,—1),(0,—1)] in the lattice Z? has
two admissible Minkowski decompositions, see Figure 2} one into three A_;-triangles

(1'1) F= [(07 0)7 (17 0)] + [(07 0)7 (07 1)] + [(07 0)7 (_17 _1)]
and one into two Ag-triangles
(12) F= [(Oa 0)7 (_17 O)v (_15 _1)] + [(Ov 0)7 (15 0)7 (15 1)]

V+A_+ -

FIGURE 2. The two admissible Minkowski decompositions of the hexagon in Example

Example 1.6. Some polygons have no admissible Minkowski decompositions, e.g. the triangle
[(—=1,-1),(2,—1),(=1,1)] and the triangle [(—1,—1),(1,0), (0,1)] in Z2, see Figure

TWe adopt the convention of never putting punctuation at the end of displayed formulas. It is impossible to give rules,
there are just too many cases. Our convention has the double advantage that it is simple and easy to use consistently.
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F1GURE 3. These polygons have no admissible Minkowski decomposition.

Definition 1.7. Fix a plane polygon F and admissible Minkowski decomposition m = (F = ) Fj).
To each Minkowski summand F} is attached a dual tropical curve I'j, see Theorem and its proof.
A dual tropical arrangement subordinated to m is a generic plane arrangement of the I';.

A dual tropical arrangement induces, for every edge e C F', a partition of the set L. of unit segments
of e. The parts of the partition are indexed by the I'; so that the part corresponding to I'; is the set of
unit segments that have a leg of I'; going through them. We call this partition the induced partition.

A dual tropical arrangement also induces a lattice polyhedral subdivision of F', which we call the
induced subdivision.

These concepts are illustrated in Figures [ [ and

Remark 1.8. The tropical curve I' = UI'; has trivalent and 4-valent vertices only.

The induced subdivision is a coherent fine mized subdivision, see Theorem [A.6, but we don’t need
this language nor the fact now.

Figures [ [l and [6] show examples of dual tropical arrangements and induced subdivisions.

FIGURE 4. Dual tropical arrangements and induced subdivisions for the admissible
Minkowski decomposition of the hexagon into two Ag-triangles.

Definition 1.9. Let P be a 3-dimensional reflexive polytope, and e < P an edge of P.

The length of e, denoted by /., is the integral length of e. The colength of e, denoted by k., is the
length of the dual edge e* < P* of the polar polytope P*.

The edge e is dull if it has colength k. = 1.

Definition 1.10. Let P be a 3-dimensional reflexive polytope. An admissible Minkowski decomposition
data (amd) for P consists of the following:

(a) A choice, for all facets F' < P, of an admissible Minkowski decomposition F' = > F;

(b) A choice, for all facets FF < P, of a dual tropical arrangement subordinated to the admissible
Minkowski decomposition in (a).

For all dull edges e C P, the choices above are required to satisfy the matching condition at e that we

describe next. Let F,G < P be the facets incident along e. The set L. of unit segments of e has two

induced partitions. The first of these is induced by the Minkowski decomposition F' = > F;, and we
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FIGURE 5. Dual tropical arrangements and induced subdivisions for the admissible
Minkowski decomposition of the hexagon into three A_;-triangles.

A

FIGURE 6. More dual tropical arrangements and induced subdivisions.

denote by LI the part corresponding to F;. The second is induced by the Minkowski decomposition
G =) G;, and we denote by LJG the part corresponding to Gj;.
The matching condition at e is the following statement:

(c) For all 4,7, |LF ﬂLJG| <1.

Notation 1.11. Let P be a 3-dimensional reflexive polytope endowed with choices, for all facets, of
(a) admissible Minkowski decompositions and (b) dual tropical arrangements.

Let X be the Gorenstein toric Fano 3-fold whose fan is the spanning fan of P.

For all facets F' of P, the dual tropical arrangement induces a subdivision of the cone op = (F)4
and hence a toric partial resolution of the corresponding Zariski open subset X,, C X.

These subdivisions combine to give a refinement of the fan of X and hence the corresponding local
toric partial resolutions glue to a global toric partial resolution of X that we call the induced partial
resolution and denote by 7: Y — X.

Note that, in general, 7: ¥ — X is not a projective morphism.

Definition 1.12. A quasi-ordinary double point, abbreviated gODP, is a Gorenstein toric 3-fold sin-
gularity locally analytically — or, depending on the context, étale locally — isomorphic to the germ
at the origin of

(le? — T3T4 = O) c (17 -1, ba _b)x1712-,13-,14

ISEN
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for some positive integers a, b such that ged(a,b) = 1.

Lemma 1.13. A Gorenstein toric 3-fold singularity is a qODP if and only if it corresponds to the
cone over a parallelogram with edges of unit length.

The qODP is an ordinary double point (ODP) — i.e., a =1 — if and only if the parallelogram does
not have interior points. O

Lemma 1.14. Let P be a 3-dimensional reflexive polytope endowed with amd, X the corresponding

Gorenstein toric Fano 3-fold, and w: ' Y — X the induced partial resolution. Then

(1) Y is Gorenstein and the morphism w: Y — X is crepant, that is Ky = 7*Kx;

(2) Y has qODPs;

(8) The pair (Y, E) is isomorphic, Zariski locally at all closed pointsy € Y, either to a normal crossing
pair, or a qODP with E = {x129 = x3x4 = 0}.

Proof. The first statement is obvious from the toric geometry: the rays of the subdivision are by
construction generated by vectors that lie on F'.

It is clear from the tropical curve picture that the cones of the fan of Y are either basic simplices,
or cones over plane parallelograms with edges of lattice length = 1. O

Remark 1.15. A toric Gorenstein affine 3-fold X, has a qODP singularity at the origin if and only if
o is the cone over a plane integral parallelogram with edges of unit integral length, placed at height 1.
The computations in [3, (7.3) Proposition] show that the natural obstruction space of qODP that
are not ODP is nontrivial.
The deformation theory of the stack [ODP/pu,] is better behaved.

Definition 1.16. A ¢ODP stack is a Deligne-Mumford (DM) stack Y which is locally analytically —
or, depending on the context, étale locally — isomorphic to either a smooth scheme or the DM stack:

[(z122 — 324 = 0) / 1]
where x1, . .., x4 are coordinates on C* and p, acts with weights (1, —1,b, —b) for some positive integers
a, b such that ged(a, b) = 1.
A qODP stack pair (Y, E) is a pair of a 3-fold DM stack Y together with an effective Cartier divisor
E C Y which is locally analytically — or, depending on the context, étale locally — isomorphic to:
either a normal crossing pair, or a qODP stack with F = {x122 = z3z4 = 0}.

Theorem 1.17. Let P be a 3-dimensional reflexive polytope endowed with amd, X the corresponding
toric Fano 3-fold, and m: Y — X the induced partial resolution. Then:

(1) The pair (Y, E), regarded as a qODP stack in the obvious way, is unobstructed and smoothable;
(2) If Vi is a general smoothing of Y, then Yy is a weak Fano 3-fold and, denoting by

RO~ Ky) = RO -ny,)
n=0
the anticanonical ring of Y:, the anticanonical morphism
Tt yt — Xt = Pl"Oj R(J}t, —Kyt)
contracts a finite number of disjoint nonsingular rational curves with normal bundle O(—1) ®
O(_l);
(3) X; is a Fano 3-fold with ODPs as singularities and it is a deformation of X.

Remark 1.18. By Namikawa |41l Theorem 11] A} is unobstructed and smoothable; hence X itself is
smoothable. In the display diagram &, is a generic smoothing of A;:

Y <~ )

L

X <~ & ~— 4,
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Remark 1.19. (1) See [43] for some examples and counterexamples when the matching condition is
not satisfied.
(2) Theorem [[LT7 is not optimal. For example consider the polytope P with vertices the columns of

the matrix
-1 2 -1 0
-1 -1 1 0
-1 -1 -1 1

P is the convex hull of the polygon F of Fig. Bl left, placed at height —1, and the vector (0,0, 1).
Because F' has no admissible Minkowski decomposition, there is no amd for P. However, one can
see that the Fano Xp is smoothable. In fact, the local moduli space of Xp has two components,
one smoothing to X171 C P? x P? and the other to P* x P! x P1. See [14] for a conjectural
characterization of smoothing components of Gorenstein toric affine 3-folds.

(3) A conjectural characterization of all deformations of Q-Gorenstein toric Fano 3-folds to Q-factorial
3-folds with terminal singularities can be found in [13].

1.4. Understanding the topology of the smoothing. Consider a general smoothing ); of Y as
provided by Theorem [[.I7l In order to determine the topology of X, it is necessary to study the
morphism 7;: YV — A}

Theorem 1.20. Let P be a 3-dimensional reflexive polytope endowed with amd, X the corresponding
toric Fano 3-fold, and m: Y — X the induced toric partial resolution.

For all edges e < P, define ne € N as follows. Let F,G < P be the facets incident at e, F = F;,
G = Y Gj their admissible Minkowski decompositions, and LF, LJG the corresponding parts of the
induced partitions of L¢. Define

N (g) - Z <|L£F|> _ ZJ: <|L2§’I>

nzgne

£.>2
ODPs. Correspondingly, Vi has precisely n disjoint nonsingular rational curves with normal bundle
O(-1) ® O(-1).

Then X; has precisely

Theorem is a more precise version of the statement just made.

1.5. Some ideas of the proof. We want to study deformations of X. We prefer to work with
deformations of the pair (X, D). These are controlled by Qx(log D), see Definition [B.I0] and its
dual sheaf Tx(—logD). A nice thing about pairs is that Aut’(X,D) = T is the torus, and that
the sheaf of infinitesimal automorphisms Tx(—1log D) = Ox ® N is the trivial sheaf and hence has
vanishing higher cohomology. The deformation theory of the pair (X, D) is complicated and poorly
understood. On the other hand, it is easy to see that the pair (Y, E), regarded as a qODP stack in
the obvious way, is unobstructed and smoothable. It is also easy to see by well-understood means
that all deformations (), &), t € T of (Y, E) can be blown down to deformations (X;,Dy), t € T
of (X, D). The plan is to work only with the deformations of (X, D) that arise in this way from
deformations of (Y, E). To understand these deformations we need to study the contraction morphism
s Vo — X;. Theorem [T follows easily from Lemma [5.2] which establishes some simple facts about
the geometry of the contraction morphism. In that lemma, we prove things about m;: V; — A} for a
general t € My g, the miniversal deformation of (Y, E). The key difficulty is that we do not have an
explicit description of (), &:). The result is derived from studying many particular deformations that
one can write down explicitly. These are the T-equivariant deformations, also known as homogeneous
deformations, defined over eigenspaces of the torus action on T%/) B

The proof of Theorem is harder; an informal discussion can be found at the beginning of
§[6 A recurrent theme of the proof is the correspondence between: (i) coherent mixed subdivisions
of a polytope F' subordinated to a Minkowski decomposition, (ii) regular subdivisions of the Cayley
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polytope, and (iii) arrangements of dual tropical hypersurfaces. The correspondence allows us to study
the geometry of the very high-dimensional and complicated deformation spaces associated with the
Cayley polytope by drawing simple diagrams of tropical curves in the plane.

1.6. Summary of the paper. In Section [2 we collect some facts about toric (also known as homo-
geneous) deformations. Most of these are known, see for example the paper of Petracci [44] and the
references therein, but the statements in the literature are not always written in a way that they can
be applied off-the-shelf to our situation.

Section Bl proves some explicit results concerning the deformation theory of the pair (Y, E): this is
straightforward combinatorics.

Section M uses the deformation theory of the pair (Y, E) to construct a particular homogeneous
deformation and establish some of its properties, thus completing the discussion of homogeneous
deformations started in Section

In Section [l we prove Theorem [[LT7] and in Section [1 we prove Theorem [[.20] after some prelimi-
naries discussed in Section

In the Appendices we synthesise mostly known facts for which there may not be a convenient
reference to a statement in the literature that can be applied off-the-shelf to our situation.

In Appendix [Al we summarize some facts on the combinatorics of lattice polyhedra, specifically the
correspondence between: (i) coherent mixed subdivisions of a polytope F' subordinated to a Minkowski
decomposition, (ii) regular subdivisions of the Cayley polytope, and (iii) arrangements of dual tropical
hypersurfaces. These results are well-known lore in the lattice polyhedra community but we could not
find in the literature a complete statement that would apply off-the-shelf to our situation.

In Appendix [Bl we develop the general theory of deformations of pairs (X, D) of a scheme and
effective Cartier divisor. This is basically a long exercise in deformation theory. The results must be
well-known to many algebraic geometers but, surprisingly given the vast amounts of existing literature
on deformation theory, we could not find them written up anywhere.

The purpose of Appendix [(is to write down explicitly some miniversal deformation families of pairs
(Y, E) that are needed in the proof of Theorem [6.I] which in turn is the main ingredient in the proof
of Theorem This would be an exercise, were it not for the fact that several of these families are
infinite-dimensional. We address the infinite-dimensionality carefully by working in the language of
ind-schemes (fortunately, we only need the definition and none of the theory of ind-schemes).

In Appendix [D] we summarize Rim’s theory of (formal) equivariant G-structures on versal deforma-
tions.

We refer the reader to the beginning of each section for a more detailed discussion of its contents.

1.7. Notation and conventions.
Definition 1.21. A toric pair is a pair (X, D) of a toric variety X and toric boundary divisor D.

The table and diagrams summarize notation in use throughout the paper. More notation is spelled

out in § 311

X Gorenstein toric Fano 3-fold (except in § and 23))
X Gorenstein toric affine 3-fold (in § and [23)

Y —- X induced partial resolution of X with qODPs

D toric boundary of X

E toric boundary of Y

T toric 1-skeleton of X

A toric 1-skeleton of YV

p: A—=T natural morphism

v:A'—= A the partial normalisation of A defined in § B1]
p'=pov: A’ - T natural morphism

f(Xx,D)—S deformation of the pair (X, D) over a base scheme S
g: (V,E) = S deformation of the pair (Y, E) over a base scheme S
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1.8. Leitfaden.

6<=—=C

7
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thank THES for support in Summer 2023 and 2024, when parts of this project were completed.

2. HOMOGENEOUS DEFORMATIONS I
This section is a synthesis of mostly known facts due to Altmann [2 4], Mavlyutov [40], Ilten [30],
Matsushita [39], and Petracci [44] (this list of references is not attempting to be complete).

The reader who wishes to understand quickly the idea of the proof of Theorem [[L17] is advised to
read the statements of purpose § 2.1l and then jump to Section

2.1. Statement of purpose. Fix a 3-dimensional reflexive polytope P.

(1) Let F < P be a facet. Fix a Minkowski decomposition F' = Z;:1 F;. Consider the cone 0 = (F) 4
and the corresponding affine toric pair (Xp, D). In § 2.2 we recall Altmann’s construction of a
deformation

(Xp,Dp)~—— (Xr,DFr)

| j

(0} ——a

that we call the local Altmann deformation.
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(2) In § 231 we show that the local Altmann deformation can be simultaneously partially resolved. In
other words, choose a dual tropical arrangement subordinated to the Minkowski decomposition of
F,and let 7p: (Yr, Er) — (X, Dr) be the induced partial resolution. There exists a diagram of

deformations:
(Yr, Ep)© (Vr,EF)
T 11
(Xp,Dp)" (Xr,Dr)
/ /
{0}¢ A"

(3) In § 24 we show that the local Altmann deformation can be globalized. In other words, let
(Xp,Dp) be the 3-dimensional Fano toric pair corresponding to the polytope P. There is a
deformation

(Xp,Dp)—— (X,D)

L)

{0} ———= A"

that induces the local Altmann deformation of (Xp, Dp). We call this the global Altmann defor-
mation.

(4) In §[2H we state that the analytification of the global Altmann deformation can be simultaneously
partially resolved. (The statement is proved in Section @) In other words, fix amd for the whole
polytope P that restrict to the given one on the facet F', and let w: (Y, E) — (Xp, Dp) be the
induced partial resolution.

Denote by 52" the analytic germ of 0 € A" and by f2": (X", D?*") — S?" the analytification
of the global Altmann deformation. There exists a diagram of complex analytic deformations:

(K E)C (yan7gan)
\Q\ o
gan
(X, D)( (Xan7'Dan)
/ fan
{0)¢ 5o

This last deformation will be a crucial ingredient of the proof of our main results. (The existence
of this deformation g®": ()", £2") — S is a natural and unsurprising fact.)
2.2. The local Altmann deformation and its properties.

Notation 2.1. We work with lattices N = Z", M = Hom(N, Z), and the torus T = Spec C[M] = G}
When m € M, we denote by x" € C[M] the corresponding character of T.

Proposition 2.2. Let N be a lattice of rank n — 1 and let F C N be a (n — 1)-dimensional lattice
polytope endowed with a Minkowski decomposition

F=F+--+F,

Consider the Gorenstein cone o = (F x{eg})+ C N = N®Zeo and the corresponding n-dimensional
affine toric pair (Xp, Dp).
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Consider the commutative diagram:

(Xp,Dp)—— (X,D)

L)

{0} ———A"

where
(i) Write M = Hom(N,Z) = M & Zely ® Zex @ -+ & Zer. X = SpecClg¥ N M] is the (n + r)-
dimensional affine toric variety corresponding to the cone
oc={ep, F1+e1,....,F.+e )y C N:N@ZeOGBZel DD Zey
and D = ( € = O)
(i) The morphism f: X — Ay is given by the r functions X1 — X0, ..., o — X,
(i1i) The closed embedding X — X is the toric morphism induced by the lattice homomorphism
N:N@Z%NZN@Z%@Z@G}“@Z@
defined by (v,m) —v+m(eg+er+---+e).
Then:
(1) X is Gorenstein; indeed its toric boundary divisor is
(it o) ¢ x
2) The morphisms f: X — AL and its restriction D — Ay are flat of relative dimension n andn—1,
C C
and the fibres over the origin are X and D.

Definition 2.3. The diagram of Proposition[2.2is the local Altmann deformation of the pair (Xr, Dr)
associated with the given Minkowski decomposition of F'.

Proof of Proposition [ZZ2. The key point is to show that the morphisms f: X — Af{ and its restriction
D — Af are flat of relative dimension n and n — 1. Because all toric varieties are Cohen—Macaulay,

this follows from the fact that the r functions x¢i — x%, ..., x° — x% form a regular sequence, see [18
Exercise 18.18]; alternatively, see [53], Tag 00HT] and [38, Theorem 23.1]. |

Definition 2.4. Let (V, B) be an affine toric pair. A variety X has V-singularities along a Zariski
closed subset Z C X if there exist Zariski open subsets Z C U in X and B C W in V such that

uv=w

Proposition 2.5. Let N be a lattice of rankn—1, F = Fi+---+F C N a lattice polytope endowed
with a Minkowski decomposition, 0 = (F x {1})+ C N = N®Z, (Xr, DF) the corresponding affine
toric pair, and

(Xp,Dp)—— (X,D)

S
{0} ———A"
the local Altmann deformation.
Let C C K be a field extension and
a: (C[tl,...,lfr] — K
a C-algebra homomorphism such that the a; = a(t;) € K are pairwise distinct and non-zero. Consider
the base change

(Xa, Do) —— (X, D)

Ll

Spec K———— A"
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Foralll <j<rleto; =(F; x{1})y C N and
V; = SpecClo} N M|

(1) The singular locus of X, consists of a disjoint union of connected components, where X, intersects
transversely the singular locus of X. These components are in bijective correspondence with the
V; that are singular, and X, has Vj-singularities along them.

(2) The divisor D, = DN X, C X, is nonsingular and disjoint from the singular locus of X,.

Remark 2.6. The key cases are K = C (general fibre) and K = C({y,...,t,) (generic fibre).
Proof of Proposition [2.4. We work over K, setting

Xk = X Xgpecc Spec K, Dg =D Xgpecc Spec K
etcetera, and we view a € A"(K) as a K-valued point.

Claim 2.7. For all j =1,...,7 consider the subcone 6; = (F; +e;)1 C 0 and the Zariski open affine
toric subscheme

U; = SpeCK[&;—/ NM]C Xk

with its toric boundary D; C U;. Also consider the subcone oo = (eo)+ C o and the Zariski open

Uy = Spec Koy N M| C Xk with toric boundary Dy C Up.
(1) Forallj=0,...,r writeujzeg—l—---—l—e}—i—---—i—ejej/lv. We have
Uj={x"#0}CXx and D;=(x% =0)CUj
(2) For all j =0,...,r write N; = N & Ze; and M; = Hom(N;,Z) = M & Ze; so that, for example
M=MoLd - L@ & Le;
We will need the r-dimensional tori:
T, :SpecK[ZeS@-~-@Zeg®”-@Ze:]
Forj > 1, let o; = (Fj x {e;})+ C Nj, and let oo = (eo)+ C No. Then
(Uj,Dj) = (V; x T, Bj x T;) where V; = Spec K[o; N Mj] and Bj C Vj is the toric boundary

Note that the notation in the claim is compatible, by a small abuse, with the statement of the
proposition. The proof of the claim is straightforward.
Claim 2.8.
Xe CUyUUL U---UU,
We prove the claim. Since X, is the closed subscheme of Xk defined by the equations Xe;.* — Xe(’; =a;

(i =1,...,7), it follows from the assumptions on the a; that on X, no pair of the X0, X, .., X
have a common zero. This implies that, as was to be shown:

XYoo () (I #opuind £0) = U NI 40}

0<i<j<r i=0 j£i
= J{x“#0}=UoulhU--- U,
i=0
Claim 2.9. Forall j =0,...,7, X, NU; = W; where W; C Vj is the Zariski open neighbourhood of
the toric boundary given by the conditions
Xe; — Gy 7& 07
X9 tai—a; #0 Vi>1,i#j



SMOOTHING GORENSTEIN TORIC FANO 3-FOLDS 13

We prove the claim. Our assumption on the a; imply that W; is contains the boundary B; C V;.
The variety X, NU; is given in U; by the equations
X9 =% — aj,
Xezzxe;—f—ai—aj v221,l7éj
The statement follows by solving for Y and the x% (i > 1,7 # j) in terms of X% .
We finish with the proof of the proposition. From the equations of X,NUy in Uy we see that X, NUy
is isomorphic to an open subscheme of Al x ; Spec K[M] and hence it is smooth. If 0 < i < j < r, then
XoNU; NU;j is smooth, as U; NUj is the big torus of Xg: this shows the first part of the proposition.

Finally, it is obvious that D, = Spec K[M], therefore it is smooth. O

Remark 2.10. It might be possible to give a proof of Proposition 2 by using the theory of T-varieties
[31L [7, [6].

2.3. Simultaneous resolutions of the local Altmann deformation.

Proposition 2.11. Let N be a 2-dimensional lattice, F = Fy +---+ F, C N a polygon endowed with
an admissible Minkowski decomposition, o0 = (F x {1}); C N = N @ Z, (Xr, D) the corresponding
3-dimensional affine toric pair, and f: (X, D) — A" the local Altmann deformation. Fiz a dual tropical
arrangement and let w: (Y, E) — (X, D) be the induced partial resolution.

There exists a commutative diagram

(Y, E)C >,8)
N |
(X, D)C (X, D)
7 e
{0}C AT

where all squares are Cartesian and:

(i) The morphism I1: Y — X is toric, birational, projective, and crepant;
(ii) The toric variety ) is Gorenstein, Q-factorial, and terminal;
(iii) The morphisms g = foll: Y — A" and its restriction & =11"1(D) — A" are flat;
(v) Let C C K be a field extension, a: Clty,...,t,] = K a C-algebra homomorphism such that the
a; = a(t;) € K are pairwise distinct and non-zero, and consider the base change:

(Ya, Ea)S >, €)
(Xa, Do) (¥,D)
/ 7
Spec K€ AT

The singular locus of X, is a disjoint union of curves with transverse type A singularities and
Ta: Yo — X, is the minimal resolution.

Proof. By construction, X is the toric variety corresponding to the cone
o= <€0,F1—|—61,...,F7«+€7«>+ CN:N@ZS()@@ZGT
This is the cone over the (r + 2)-dimensional polytope

ﬁ: [eo,F1 +€1,...,FT+€T]



14 ALESSIO CORTI, PAUL HACKING, AND ANDREA PETRACCI

which is none other than the Cayley polytope — see Definition [A.21— of the Minkowski decomposition.
According to Theorem [A.6] the tropical arrangement determines a coherent fine mixed subdivision of
F induced by a regular triangulation of F.

This regular triangulation induces a subdivision of &. The cones of this subdivision are the elements
of a fan ¥ in N and we denote by Y = Vs the corresponding toric variety and by II: Y — X the
induced partial resolution. Because the subdivision arises from a triangulation of ﬁ, this morphism is
crepant.

Because II is crepant and comes from a triangulation, the variety ) is Gorenstein and Q-factorial.
By construction, every lattice point of F is the primitive generator of some ray of the fan defining Y,
hence ) has terminal singularities.

The key point is to show that the morphisms g = foll: Y — A" and its restriction £ = I[I-1(D) — A"
are flat, and this is what we do next.
Exactly as in the proof of Proposition [2.2] it is enough to show that

(2.1) Y= X0, O — x €0, 0
is a regular sequence in @y. We prove this by showing that ([2.I)) is a regular sequence in every Zariski
open toric subset of ). For this purpose, pick a maximal — that is, (r + 3)-dimensional — cone X of
the subdivision and denote by
hcy

the corresponding Zariski open toric subset. We need to show that (21 is a regular sequence in Oy, .

The cone X is generated by vectors vy, ...,v,43 € N such that for all k € {1,...,7+ 3}, there is a
unique i € {1,...,r} such that vy € e;+ F;. For all k € {1,...,7+ 3}, denote by z;, the Cox coordinate

corresponding to the generator vg. Then in Cox coordinates we have, for all i =0,...,r
X = H Tk
k: vp€e;+F;

We see that for all 0 < 4,5 <, i # j, the two functions Xei*,xe;' are expressions in two disjoint sets of
Cox coordinates, namely the set of xj, such that v, € e; + F; and the set of xj, such that v € e; + Fj.
It follows from [44], Lemma 4.3] that (2] is a regular sequence in the Cox ring of V. As the elements
in ([21) belong to Oy, , which is the degree zero part of the Cl()))-grading on the Cox ring of Yy, it
follows that (2 is a regular sequence in Oy, .

The statement concerning the singular set of X, in Part (iv) follows immediately from Proposi-
tion 28] Part (1). Because ) has terminal singularities, and terminal singularities are nonsingular in
codimension two, the morphism II: J — X is a crepant resolution of the singular strata of X that
cause, according to Part (1) of Proposition 25 the singularities of X,, and hence 7,: Y, — X, is the
minimal resolution. 0

2.4. The global Altmann deformation.

Proposition 2.12. Let N be a 3-dimensional lattice, P C N a reflexive polytope, and F < P a facet
of P endowed with a Minkowski decomposition
(2.2) F=F+---+F,

Let (Xp, Dp) be the corresponding Fano toric pair, and denote by (Xp, Dp) C (Xp, Dp) the Zariski
open affine toric pair corresponding to F.
There exists a deformation

(Xp,Dp)—— (X,D)

L)

{0} ———A"
of the pair (Xp, Dp) that induces the local Altmann deformation of the pair (Xp, Dp).
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Definition 2.13. The diagram of Proposition 2.12] is the global Altmann deformation of the pair
(Xp, Dp) associated with the given Minkowski decomposition of the facet F < P.

Proof of Proposition[2.13. The proof is a straightforward application of the general construction given
in [44] Theorem 6.1].
Denote by v € Q = P* C M the vertex of the polar polytope corresponding to F'; then tautologically
F C {v=—1}. We choose the following data to interpret Equation 22}
(1) Lattice polygons F; C {v = 0};
(2) A lattice vector fo € {v = —1} — for example we can choose f; to be a vertex of F' — such
that
F={fo}+F+ - +F
holds in N. We write Fy = {fo} C N, a 0-dimensional polytope.

We have that (F, Fy, F1, ..., F.,v) is a 0-deformation datum, in the language of [44] Definition 3.1],
for (N,oF), where o is the cone over F. It is a simple exercise to show that the construction of [44]
Theorem 4.1] applied to (N, or) starting from this d-deformation datum produces the local Altmann
deformation of (Xr, Dp).

Now consider the 4-dimensional lattice Ny = N & Zet and the cone ot = (P x {et})+ C N;.
This is the cone corresponding to the polarised projective toric pair (Xp, Dp) in the language of [44]
Lemma 2.3], and (F+et, Fo+et, Fi, ..., Fy,v) is a 0-deformation datum for (N, O'T)E The construction
of [44, Theorem 6.1] applied to (Ny,o4) starting from this 0-deformation datum produces a global
deformation of the Fano toric pair (Xp, Dp) over A".

To finish the proof we verify that the restriction of this global deformation to (X, Dg) is the local
Altmann deformation. This, in fact, is a straightforward exercise in unpacking the construction of the
deformation associated to a d-deformation datum described in the statement of [44) Theorem 3.5]. We
sketch the verification leaving some of the details to the reader.

The global deformation is constructed as follows. Consider the lattices:

N=N&Ze, & - -®Ze, and Ni=N;@Ze,d - & Le,
and the cone:
C={(ot{fo+te}—e1——e,F —|—(31,...,FT—i-eT>Jr C]VT
The element e; € int C' defines a Z-grading on the ring C[C'Y QMT] and hence a projective toric variety:
X = ProjC[C¥ N M;]

We now describe the total space of the global deformation as a subvariety of X x A" defined by explicit
equations in Cox coordinates. First note that X is the toric variety of the fan ¥ C N whose cones are
the images of the proper faces of C' under the obvious projection

NT — N = NT/ZeT

Let us denote by i(l) the set of primitive generators of the rays of Y. The Cox coordinates of X
are indexed by the elements p € i(l) and we denote by x, the corresponding coordinate, and by t;,
j=1,...,r the standard coordinate functions on A”. The total space of the global deformation is the
subvariety X C X x A" defined by the homogeneous ideal generated by the following trinomials in Cox
coordinates:

(23 I 97~ [ =" —tH:c”” I "

(ej*-yp>>0 (e},p)<0 (e},p)<0

¥The direct sum decomposition Ny = N @ Zet induces a dual direct sum decomposition My = M @Ze]’f (the notation
is self-explanatory) by which we think of v € M as of an element of M; such that (v, e;) = 0.
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for j =1,...,7. We need to compare these equations with the equations that define the local Altmann
deformation. Now, on the face of it, we don’t understand all the cones of ¥. But we do know one
maximal cone, namely the cone:

c={foy—er - —enFiten,... . Frte), CN
that is used in the construction of the local Altmann deformation. Indeed denote by
Xp =SpecC[gY NM] Cc X

the correspondmg affine open subset. It is immediate to check that the restriction of Equations (2.2))
to Xp (for all p € E if p & o set x, = 1) give the equations of the local Altmann deformation in
XF x A", O

2.5. Simultaneous resolution of the global Altmann deformation. The proof of the following
Proposition will be given in §

Proposition 2.14. Let N be a 3-dimensional lattice, P C N a reflexive polytope, and (Xp,Dp) be
the corresponding Fano toric pair.
Let I < P be a facet endowed with a Minkowski decomposition

F=F+--+F
Denote by S the analytic germ of 0 € A" and by
(Xp, Dp)—— (X", D)
.
{0} — > gon

the analytification of the global Altmann deformation constructed in Proposition [2.12.
Assume that P is endowed with amd and let 7: (Y, E) — (Xp, Dp) be the induced partial resolution.
There exists a diagram of complex analytic deformations:

(Y, E)( (yan, gan)
\ m\
gam
(XP7DP)( (Xan,fDan)
/ e
{0)¢ 5o

Remark 2.15. (1) We prove the result in § L2 using deformation theory. An algebraic version of the
statement probably holds, and it may be be possible to prove it by the methods of the proof of
Proposition

(2) In the statement it is enough to choose, for all facets of P, an admissible Minkowski decomposition
and a dual tropical arrangement. It is not necessary to assume the compatibility condition along
dull edges. We will not need this more general statement.

2.6. Some results on infinitesimal deformations. We collect some facts about infinitesimal de-
formations of the pair (X, D) that we will need in § when we prove Proposition 214l The reader
can skip this material and return to it when it is needed.

Notation 2.16. If T is a representation of T = Spec C[M] and v € M, we denote by T(v) C T the
invariant summand on which T acts with character v.
We also denote by C(v) the one-dimensional representation of T on which T acts with character v.
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If X is a scheme over a field k, we denote by T the tangent space of the deformation functor Def (X);
if D C X is an effective Cartier divisor, we denote by T‘I}() p the tangent space of the deformation functor
Def(X, D) of the pair (X, D). See Appendix [Bl for a discussion of these matters.

Lemma 2.17. Let (X, D) be a 3-dimensional Gorenstein Fano toric pair. Denote by Q C M be the
moment polyhedron of D.
There is an exact sequence:

H(X,Tx) = H° (D,NpX) = Tk p, = Tx — H' (D, NpX)
where:
(1) H (D, NpX) = (0);
(2) Denote by Q' the union of the edges of Q, including the vertices.

Write C = coker[HO(X, Tx) +H' (D,NpX)|, then: C= O C()
veEQINM
as a representation of T;

(8) For allv e Q' N M, Tk (v) = (0) and hence T}(,D(U) = C(v).

Remark 2.18. (1) The statement applies both to the case X compact and X affine. If X is compact,
then X corresponds to a reflexive polytope P C N and @ = P* is the polar polytope. If X is affine
then X = X, for some Gorenstein cone o C N; there is a vector u € ¢ such that div(x*) = D
and Q = —u+oV.

(2) The proof follows easily from the difficult explicit description of Tﬁfv, for o C N a 3-dimensional
Gorenstein cone, given in Altmann’s paper [4, § 4.3].

Proof. By Lemma [B13] we have an exact sequence:
(0) = Qx = Qx(log D) — Op — (0)
and by Proposition [B.14] Tﬁ(ﬁD = BExt’ (2x(log D), Ox). Taking the long exact sequence of Ext we get
(0) = H°(X,Tx(—log D)) — H°(X,Tx) — Ext' (Op,O0x) = Tk p, = Tx — Ext? (Op, Ox)

but then Ext' (Op,Ox) = H° (X, &zt (Op, Ox)) and Ext! (Op,Ox) = Op(D) = NpX. Similarly,
Ext* (Op,0x) = H! (€2t (Op,Ox)) = H! (D, NpX). Note Ext*(Op,Ox) = 0 since D is Cartier.
This establishes the exact sequence.

From the exact sequence (0) = Ox — Ox (D) — NpX — (0) we get an exact sequence
H!' (X,0x (D)) — HY(D,NpX) — H*(X, Ox)

where the groups on the left and right are (0) by Kawamata Viehweg vanishing (using D = —Kx
ample) and hence the group in the middle also is (0).

To prove Part (2), consider first a toric cone o = {(p1,...pr)+ C N, and let R, = k[o¥ N M]. We
work with the affine case X = Spec R,,. It is stated for example in [50, Theorem 3.2] that
(2.4) Dery (R, Ry) = (N ® R,) ® k[P]D1 & - - & k[P,] D,

where:

(i) Forall v € N D,: R, — R, is the derivation defined by D, (z™) = (v, m)a™;
(ii) The morphism N ® R, — Dery(R,, R,) takes v ® f to fD,;
(iii) Forall j=1,...,r,

Py ={me M| (pj,m)=—1andVi# j (p;,m) >0}

k[Pj] is a Ry-module in the obvious way, and D; = D,,.
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In Equation [24), the summand N ® R, corresponds to the log derivations Tx(—log D) = N ® Ox.
Part (2) follows immediately in the affine case. Part (2) in the general case is proved by considering
the toric affine cover.

Part (3) in the affine case is an immediate consequence of the explicit description of T}XU, foroc C N
a 3-dimensional Gorenstein cone, given in the Theorem in [4, § 4.3]. Part (3) in the general case is
proved by considering the toric affine cover. g

Lemma 2.19. Let P C N be a reflezive polytope, and (X, D) the corresponding toric pair. Denote by
Q C M be the polar polytope.

Denote by X the spanning fan of P, and by X' the set of its mazimal cones. For all o € ', denote
by (X5, D) the corresponding affine toric pair.

(1) The natural homomorphism
(2.5) TX p=H(X, TX D) @ TX(,,D(,
oey!
18 injective.
(2) Let v € Q be a vertex. Denote by o, C X' the cone corresponding to v. Equation 2 induces
an isomorphism:

T%(,D (v) = T%(Uv D, (V)

Proof. We use freely the content of Appendix Bl especially Proposition [B.141 Computing Tk) D=
Ext}g + (2x(log D), Ox) with the local-to-global spectral sequence for Ext we get an exact sequence:

H' (X, Tx(~log D)) = Tx,p — H’(X, Tx,p) = H* (X, Tx(~log D))

But now by Remark [B16 T'x (—log D) = N @ Ox = O% and hence we get (1).
Part (2) follows from Lemma 217 O

3. INFINITESIMAL DEFORMATIONS OF (Y, E)

3.1. Notation. We summarize the notation that will be in force throughout Sections BHZl From this
point on in the paper, the reader should come back to this section when in doubt about notation.
Most of this notation is illustrated and summarised in Fig. [[l The figure depicts a pair (Y, E) above
an affine neighbourhood (X, D) of a closed point € X in the O-stratum. The blue surfaces are the
strict transforms of the components of D C X; the green surfaces dominate a 1-stratum « € I' C X;
the pink surfaces are contracted to the closed point x € X. We invite the reader to contemplate the
picture before reading the following text.

Fix a 3-dimensional reflexive polytope P endowed with amd, and denote by (X, D) = (Xp, Dp) the
corresponding Fano toric pair and by 7: (Y, E) — (X, D) the induced partial resolution.

By Lemma [[LT4], the pair (Y, E) has qODP singularities, that is, it is simple normal crossing outside
a finite set of quasi-ordinary double points x € £ C X, étale-locally isomorphic to

0€ (z122 =0) C (v122 — 2324 = 0) /11g

We denote by A C E the singular locus of E. At a qODP point, A is the union of the 4 coordinate
axes, as pictured on the right in Fig.[8l We denote by v: A’ — A the partial normalization of A that
is an isomorphism outside the qODPs, and that at the qODPs is as pictured in Fig. Rl

We denote by Q = P* C M the polar polytope of P: @ is the moment polytope of X.

For all vertices v < @, we denote by F¥ < P the corresponding facet of P, and by r(v) the number
of Minkowski factors of F'¥. We choose a labeling of those factors and write:

r(v)
=LE

We denote by ¥ € X the O-stratum correspondlng to v.
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FIGURE 8. The partial normalization v: A" — A.

For all edges e < P, we denote by £, the (lattice) length of e, by e* = [v,w] < @ the dual edge, and
by ke the colength of e, that is, the length of e*.

We denote by I'® C X the closure of the 1-dimensional torus orbit corresponding to e. Note that X
has transverse A, _; singularities generically along I'*, and that —Kx - I'® = k..

The set L€ of unit lattice segments of e is in bijective correspondence with the 1-dimensional torus
orbits of Y that dominate I'®. We choose an orientation of e identifying L¢ with the set [£.] =
{1,2,...,4.} and hence denote by

[ e
AS, . AG

the closures of the 1-dimensional torus orbits of Y that dominate I'*. We label the exceptional divisors
of m: Y — X that dominate I'° in such a way that

ASCE; V2<j<l—1,AS=E  NES; Af CEf_,

In this setting, we denote by C¥ C EY a general fibre of m: E¥ — I'°. These labelling and numbering
conventions are illustrated in Fig. [
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For all edges e < P and dual edge e* = [v,w] < @ and all 1 < j < /., the polarized curve

]
(A;, —Ky| Ai) is canonically isomorphic to (]P’l, @ ke)) and we denote by [z, : 2, the homogeneous
coordinates such that ¥ = [1:0], ¥ = [0: 1].
Let e C P be an edge and e* = [v, w] the dual edge. The set L€ is endowed with a partition whose
parts correspond to Minkowski factors F”. We denote by
LY C L® the part corresponding to F}’
Note that the FV are in bijective correspondence with the connected components of (7 o v)~1(z?).

The notation is summarized in Fig. [[] which shows a typical configuration above a vertex-edge flag
v € e C @ where F,, has two Minkowski factors, with tropical curves pictures in blue and red, and
L. = 4. In the figure, L¢ = {1,2, 3,4} and the partition is {{1, 3}, {2, 4}} The exceptional divisors of
m:Y — X that map to z¥ are shaded in pink; those that dominate I'® are shaded in green; and the
strict transform of boundary divisors in X are shaded in blue.

3.2. Statement of purpose. By Lemma [[L.T4] the pair (Y, F) has qODP singularities.

In Appendix [Bl we develop a general theory of deformations and obstructions of pairs of a variety
or stack and effective Cartier divisor, and specialize the general theory to the case of qODP pairs and
qODP stack pairs. In particular, we construct an obstruction theory for deformations of qODP pairs
and qODP stack pairs.

In this section we prove some facts about deformations of the qODP stack pair (Y, E). In particular
we compute the tangent space T; g to the deformation functor as a representation of the torus, and

we show that T%ﬁE = (0).

3.3. Deformation theory of qODP stack pairs.

Lemma 3.1. Let Y be a qODP stack and let SingY be the singular locus of Y equipped with the
reduced structure. Then Ext'(Qy, Oy) = Osingy and Ext*(Qy, Oy) = (0). O

Lemma 3.2. Let (Y, E) be a qODP stack pair and let Qy (log E) be the coherent sheaf of Defini-
tion[BI0 Let A = Sing E and let v: A" — A be the partial normalisation of Notation[3 1. Then:
Ty (—log F) if i =0,
Ty g = Exty, (Qy(log E), Oy ) = § v,v*(Oa(E)) ifi=1,
(0) ifi=2.
Remark 3.3. The sheaf T3} ; is the sheaf LS of log structures on E as defined in [25, Definition 3.19];

see also [15].

Proof of Lemma[32. The case i = 0 is obtained in Remark[BI7 By Remark[B.I7we have T ; ~ T3
Therefore the case i = 2 follows from Lemma [3I1 The case i = 1 follows from Proposition [B.I§|(2)
and Example [B.22] (working intrinsically, cf. [I9]).

0

Lemma 3.4. If (Y, E) is a proper toric gODP stack pair, then
CoN ifi=0,
v.p = Extp, (Qy(log E), Oy) = { HO (Y, T p) = HO (A, v* (=Ky))  ifi=1,
HY (Y, Tip) = HU (A, v (-Ky))  ifi=2.
Proof. We consider the spectral sequence
EPT =HP(Y, Ty ) = ExtPT(Qy (log ), Oy) = T2

Recalling that Oy does not have higher cohomology, we easily conclude by Lemma and Re-
mark [B.10l O
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3.4. Explicit computation of T; g+ We build an explicit basis of T%’, g =H° (Y, 7‘3}7 E) as a repre-
sentation of the torus T = Spec C[M] and we show that T;E = (0). As a corollary we get the first
part of Theorem [[.T7] stating that Y is smoothable.

Lemma 3.5. Let P C N be a reflexive polytope endowed with choices, for all facets, of admissible
Minkowski decompositions and dual tropical arrangements.
Let (X, D) be the corresponding Fano toric pair and let w: (Y, E) — (X, D) the induced partial
resolution.
Assume the notation set out in §[3.1l
The following sections s; and s5 ., give a basis of T;E =H° (Y, T)}E)
o For all vertices v of Q, and for every Minkowski factor F}, s = s is the unique section such
that:
(a) s takes constant value 1 on the connected component of (vm)~1 (z,) corresponding to F?;
and s takes value 0 everywhere else on (vm)™1 (z,);
(b) If e C FV is an edge: if j € LY then S|A;§ = zke; if 5 & LY then S|A;§ =0y
(c) If e is an edge of P that is not an edge of F, then for all j € L* $|A§ =0.
o For all edges e < P such that ke > 2, j=1,..., 0., 1 <m < ke —1, and dual edge e* = [v,w],

§ = 85 ., 18 the unique section such that: s|AJe_ = zMzke=m and s = 0 everywhere else.
: ,

If T is a representation of T, and m € M, denote by T(m) the invariant summand on which T
acts with character m. Denote by Q' the union of the edges of Q, including the vertices. The set of
m € M such that T%/7E(m) # (0) is Q* N M. More precisely,

sy € T;E(’U) and s5,, € T;E(U +m(w —v))

Jm
thus dim T%/)E(v) =r(v) (the number of Minkowski summands of F,,) and dim T%/)E(m) = L.
Proof. Straightforward combinatorics. 0

Corollary 3.6. Assume that the matching condition holds. Consider an edge e* < Q with £, > 1.
There is a section s € T%@E such that S|AJ¢1 =+ s|A§2 for j1 # a2 .

Proof. If k. > 1 then the statement is easy. Assume that k. = 1, and let v and w be the vertices of
e*. We argue that for general A\, yu; € C

s = Z)\hs}’l —i—Zuis;—”

has the wished-for property. Indeed, assume for a contradiction that there exist j; # jo such that
S|A§1 = S|A§2. There are hy,i; such that j; € L};l N L;‘i and, similarly, there are ho, i such that
J2 € Ly, N L. By assumption Ap, = Ap, and p;, = p;,. Since these constant are generic, this implies
further that L = Lj and L{! = L}). The matching condition states that for all h,q [L}’ N LY < 1
and it implies that j; = jo. O

Theorem 3.7. Let P C N be a reflexive polytope endowed with amd, (X, D) the corresponding Fano
toric pair, and 7: (Y, E) — (X, D) the induced partial resolution.
Regard the pair (Y, E) as a qODP stack pair in the obvious way. Then
(1) The sheaf Ty p is generated by global sections and H' (Y, T3 1) = (0);
(2) Fori>0H (Y, Ty(—logE)) = (0);
(3) T;E = (0); that is, the pair (Y, E) is unobstructed and hence smoothable.

Proof. For Part (1) consider the partial normalization : A — A’ that pries out all of the Af from
the body of A’; then we have an exact sequence
(0) = Oar(—Ky) = papt™Onar(—Ky) — 6 — (0)
and one sees right away that the homomorphism
HO (A, jrup* Onr(~Ky)) = 6
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is surjective. It is also clear that H' (&, 1*Oa(—Ky)) = (0).
For the rest of the proof we use freely the content of Appendix [Bl
Part (2) is an immediate consequence of Remark [B.16] stating that Ty (—log E) = N ®z Oy = 0%..
We now prove Part (3). By Lemma B2

Ty = Exty, (U (log E), Oy)

and T; £ = Ext}_ (Qy(log E), Oy). Computing this group with the local-to-global spectral sequence
for Ext we get an exact sequence:

H? (Y, Ty (- logE)) —» T} 5 — H' (Y, T3 )
Now conclude with the vanishing proved in Parts (1) and (2). O
3.5. Blowing down deformations.

Lemma 3.8. Let P C N be a 3-dimensional reflexive polyhedron endowed with choices, for all facets,
of admissible Minkowski decompositions and dual tropical arrangements. Let (X, D) the corresponding
Fano toric pair and w: (Y, E) — (X, D) the induced partial resolution.

Let g: (V,E) — S be a deformation of the pair (Y, E) (either algebraic or complex analytic); then
(1) For alln >0 and alli > 1 R'g,Oy(—nKy) = (0). For alln >0, g.Oy(—nKy) is a vector bundle.
(2) There is a diagram of deformations:

(Yv E)( (y’ 8)
(Xv D)( (‘X’ D)
/ /
{0}¢ S

where
X =Proj ®,>09.0y(—nKy)

(8) Every fibre of f is a Fano 3-fold with Gorenstein canonical singularities.

Proof. The birational morphism 7 is crepant and toric so Rm.Oy (—nKy) = Rim.Oy = 0 for i > 0
since toric varieties have rational singularities, see e.g. [21], p. 76. Then also H (Y, —nKy) = (0) for
i > 0 by Leray and Kawamata—Viehweg vanishing for X. Part (1) then follows from cohomology and
base change.

Part (2) now follows from the fact that X = Proj®,>oH"(Y, —nKy), see also [55, Theorem 1.4].

Next we show Part (3). First, it follows from Part (2) that, for all ¢ € S, the fibre X} is Gorenstein
and the contraction morphism 7;: Yy — X} is crepant. For all ¢, the fibre ); has qODP, hence terminal
singularities, and hence X; has at worst canonical singularities. O

Definition 3.9. The deformation f: (X, D) — S constructed in Lemma [B:8is the blow-down of the
deformation g: (J,&) — S.

4. HOMOGENEOUS DEFORMATIONS II

4.1. Statement of purpose. The purpose of this section is to prove Proposition2.14l The statement
is natural and unsurprising: if you are willing to take it on trust, we suggest that you jump to Section[H]
and see how it is used to complete the proof of Theorem [[.T1

Our proof uses abstract deformation theory. Specifically, we need: (a) the theorem of Kuranishi—
Douady—Grauert [30] 17, 24] on the existence of the complex analytic versal deformation of a compact
complex analytic space, and (b) the work of Rim [49] on G-equivariant structures on formal versal
families, which for convenience we recall in Appendix
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4.2. Proof of Proposition [2.141

Setup 4.1. This setup will be in force throughout this section. Let fan: ()?an, 53“) - MY p bea
miniversal complex analytic deformation of the pair (X, D).

Let f*%: (X%, D) — M§'; be the blow-down deformation.

Choose a complex analytic morphism IL,: M$'p — M¥ , and a fibre square:

(4.1) (xan pan) 5 ()?an,ﬁan)

-l It

Ve~ M¥p
(The fibre square exists by the versal property of ]7"”1.)

Let fam: (X3™,D2") — S2™ be the analytification of the global Altmann family. Choose a complex
analytic morphism j: S;" — M5, and a fibre square

(4.2) (A, D) —— (o, D)
| |-
san o

(The existence of such a fibre square follows from the versal property of fa“: (X' an ﬁan) - M¥ D)

In the course of the proof, we identify the vertex v € M with the corresponding character of the
torus and denote by T%/) g(v) the invariant summand on which T acts with character v.

Lemma 4.2. Consider the diagram of morphisms and their derivatives, also known as Kodaira—
Spencer maps

an 1
MY,E TY,E'

lH* lDH*—H

an an 1
Sy —= MXp CT:ToSvDﬁTX,D

Then k' is injective, k is injective on T;E(’U), and Dj(C") = DH*(T;E(’U)).

Proof. By construction, the global Altmann deformation is T-equivariant and the tangent space Ty.S, =
C" is v-isotypic. Both s and k' are T-equivariant and it follows that both images are contained in the
direct summand T§(7D(U) C T.lX,D'

Denote by X the spanning fan of P, and by X’ the set of its maximal cones. Among these cones,
there is the cone o, corresponding to v. For all o € ¥/, denote by (X,, D,) the corresponding affine
toric pair. Also write Y, = 774X, ), E, = 7~ 1(D,).

Lemma states that the localization map

T%{,D (v) = T%((,v D, (V)

is an isomorphism (we only need that it is injective). We prove the result by composing with the
localization map and studying images in T}(U D, -
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It follows from the explicit description of Lemma [3.5] that T; g(v) = T%/g £, (v). Also, we have a
commutative diagram where the notation is self-explanatory:

(4.3) Ty p(v) =Ty, g, (v)

K/l Ko

Denoting by f,,: (X,,,D,,) — S, the local Altmann deformation, and by & : TpS, — dew D.,
its Kodaira—Spencer map, we also have a commutative diagram:

(44) TOSU

T%{,D (v) — T}X% Do, (v)

The two commutative diagrams 3] and 4] together with Lemma 2.19 show that the statement that
we have to prove follows from its local version: namely, the statement that the two maps:

Kot T%’UU,EUU (v) = Tﬁ(%yDav (v) and k!:T,S, — Tﬁ(%yDav (v)
have the same image. To prove this local statement, consider the simultaneous partial resolution

9o, - (youagou) — Sv

of the local Altmann deformation provided by Proposition 211l and denote by Af : TS, — T%/U &, (V)
its Kodaira—Spencer map. Everything follows from the following two simple facts:

(a) Al is an isomorphism;
(b) The partial resolution of the local Altmann deformation induces a factorization of Kodaira—Spencer
maps

A 1
TpS, —= T}, 5 (v)

O

Lemma 4.3. (1) Theorem [D.3 with the setup ® = Def(Y,E), T' = Ty 5, T = SpecC[M] and
T-invariant subspace W = Tl(v) C T gives a formal T-equivariant deformation:

(Y, E)(—> (j}va gv)

L

(0} T (v)

(where we denoted by Tl(v) the formal completion of T*(v) at the origin,).
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(2) Consider the T-equivariant blow-down diagram of formal T-equivariant deformations

(Y, E)C (Y, &)
\\\\3;\\ fi,
(X, D)C (X,,D,)
/ 3

{0}¢ T (v)
~ s~ ~1
The formal T-equivariant deformation f,: (XU,DU) — T (v) is formally isomorphic to the formal
completion of the global Altmann family f,: (X, Dy) — S, = A" of Proposition [2.12.
Proof. Part (1) is a consequence of the fact that the pair (Y, F) is unobstructed: Theorem gives a

1 ~1
family over a formal subscheme of Ty. (v) and we are just saying that this subscheme is all of Ty (v).
Let us prove Part (2). For sake of clarity, let us denote by

(X, D)—— (&}, D})
l lfl
{0} ——=5,

the global Altmann family of Proposition 2121 We want to compare ﬁ, with f:f
Theorem [D-2l with the setup ® = Def(X, D), T' = Tk p, T = Spec C[M] and T-invariant subspace

W=k (Tl( )) = £T(C") gives a formal T-equivariant deformation:
(X, D)— (Xw, Dw)
e
{0}

where, denotlng by W the formal completion at the origin, M C W is a formal subscheme. The
famlhes fv and fv are both induced by the miniversal family fW it follows from this and Lemma [£.2]
that M = W and that the three families are formally isomorphic. O

Proof of Proposition [2.13)
Claim 4.4. There exists a complex analytic lzft} of j as in the diagram:

an
MY
= 7
J
s - \LH*
-

an an
S’U %‘7 MX,D

The claim finishes the proof: the pull-back family 5*(3)&“, Ea) — 52" is the family that we want.

It remains to prove the claim. By [8, Theorem 1.5(ii)] it is enough to prove that the lift exists
formally. The existence of a formal lift is a more-or-less immediate consequence of Lemma [£.3] and the
fact that Aut(Y, F) = Aut(X, E) = T. For clarity, we spell out the detail. Choose ideals

Osv Dmsv:JlezD---
such that
(a) for allm > 1 J,,/Jmi1 = C;
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(b) for all n > 0 there exists m such that mg O Jp,.

For all m > 0, let S} = Spec(Og,/J;) and denote by j™: Sy* — MYy, eteetera, the induced
morphism.
For a fixed n > 1, assume by induction that we have constructed a lift to order n

an
Y,E
~n 7
J
p ln*
s
e
n 5 an
Sv - X,D

J

We construct a lift }"*‘1: Sntl M§P . This finishes the proof, since the base case n =1 holds by
Lemma

For all m > 0, the morphism j™: S — M%  induces a deformation of the pair (X, D) that we
denote by

£ = (") (X, D) € obDef(X, D) (S)")

The lift j7: S7 — ¥’ induces a deformation
0" = (") (V,€) € b DeF(Y, E) (S])

of the pair (Y, E) over S!'. By construction, this deformation blows down to the given deformation £”
of the pair (X, D), and we write this fact as m.n™ = £".
By Lemma there exists a deformation

€ obDef(Y, E)(Sy )

that extends n™ and blows down to an object isomorphic to £"*1. B
By the versal property of the miniversal family there exists a morphism jg“Ll : Sl M such
that 175”1 = G’g”l)*(y,é’). By construction, II, o;t?“ = j"*! (mod n) as morphisms from S"*! to
XD N
In addition, as we said, (IL. ojg‘“)*(X, D) is isomorphic to "1 = (7 TH)* (X, D).

It follows that there exists a € Og1 ® aut(X, D) such that
(4.5) J" =+ (oo gi )

as morphisms to M%' . But Aut’(X, D) = Aut’(Y, E), thus regarding a as an element of Os1 ®
aut(Y, E) we have that j"t! = }g“ +a is a lift of j7+1. O

5. PROOF OF THEOREM [[.17]
In this section, we prove Theorem [[L17
Remark 5.1. Theorem [[.I7 states that X} has at worst ordinary double point singularities. In this

section we only show that X; has at worst isolated cDV singularities; the full statement will be proved
in § [0 see Remark [3]

Lemma 5.2. Let N be a 3-dimensional lattice, P C N a reflexive polytope endowed with amd, (X, D)
be the corresponding Fano toric pair and 7: (Y, E) — (X, D) the induced partial resolution.
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Consider a complex analytic miniversal deformation space of the pair (Y, E) and the blow-down
deformation

(K E)( (yan7gan)
\ o
gan
(X,D)( (Xan7'Dan)
/ fﬂ/f’l
{o}¢ My

For i = 1,2 consider the subsets:
Z'={x € X|dim7m (x) >i} and, foraltec MY, Zi=7"NAX,

Then Z' C X is a complex analytic subspace and, for t € MY, general

(1) Z¢ =
(2) Z} is ﬁnite.

Proof. First of all, by a theorem of Cartan—Remmert [37, Chap. V, Sec. 3.3, Theorem 5]
Wi={yey|dimr ‘n(y) >i}

is a complex analytic subspace. Because 7 is proper, then by the Remmert proper mapping theorem
Z' = m(W?) C X is also a complex analytic subspace.

Let us show that for ¢t € M{", general Z? = @. First of all, Z8 C X is a finite set contained
in the O-skeleton of the toric variety X. It follows from this that all of Z2 is contained in a small
analytic neighbourhood of the 0-skeleton of X in &X. Let us fix a vertex v € @ and let us focus on
the corresponding closed point ¥ € X. The complex analytic deformation of Proposition 2.14] is
induced by an inclusion i: S5 — M§'5. By Proposition 2.5 there is a small analytic neighbourhood
x¥ € U C & such that for t € S3" general, the singular locus of Uy = X; NU consists of a disjoint union
11 C; of curves and for all ¢ U; has transverse A,,,-singularities along C; and therefore Z2 N U; = @
and this must then be true for all ¢ € » general. Since this is true for all v, we conclude that
there is a small analytic neighbourhood V' C X of the 0-skeleton of X such that for t € M§", general
Z?NV; = @. Because, as we said, in fact Z? C V, we have that for t € 5 general Z}7 = @.

Finally we show that for ¢t € - general Z}! C X, is finite. First of all Z} c X is contained in
the 1-skeleton. Let us fix an edge e C @ and let us focus on the corresponding component I'* C X
of the 1-skeleton. It is enough to show that for x € I'® general, there exists an open neighbourhood
r € U C X such that for t € M§p general Uy = &; N U is smooth. For this purpose consider the
“interior” Gy, C I'°. The space X has transverse A,, _1-singularities along this G, and the germ of X
along this Gy, is isomorphic to the germ:

(zy — 2% = 0) C A3 x Gy

and any l-parameter deformation of X over a small disk D induced by a general deformation of the
pair (Y, E') with Kodaira—Spencer map a general section (Lemma [3.5])

s €Ty p=H(Y,Ty5) = H (A, va*(—Ky))

can be written as:
Ze

oy = [[(= — t4:(w) mod 2] C AL, ., < D,
i=1

where A;(u) = s ASNT1(Gyy) BTC Laurent polynomials supported on I'® such that the multiple roots of
the polynomial

| JIERZH)
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are all double roots and they occur for distinct values of u. By the Jacobian criterion the total space
is nonsingular at the generic point of Gy, and the statement follows. O

Proof of Theorem [I.17 Part (1) is Part (3) of Theorem [B7] stating that the pair (Y, E), regarded as
a qODP stack, is unobstructed and smoothable.

Lemma [3.8 states that indeed &X; = Proj R(), —Ky,). Lemma shows that the exceptional set
of II; consists of a finite number of curves that are contracted. Because ), has qODP, and hence
terminal, singularities, and the morphism II; is crepant and small, it follows that A; has Gorenstein
terminal and hence, by [48, Theorem (2.2)], isolated ¢cDV singularities. As anticipated this is all that
we show here. The rest of the statement follows from Theorem [(.2] see Remark g

6. LOCAL INVARIANCE UNDER REARRANGEMENT

The content of this section is rather technical. The goal is to prove Theorem Before getting
down to business, we discuss informally the statement and its proof.

Statement of purpose. The statement of Theorem [6.1] is very natural. The starting point is a plane
polygon with a given admissible Minkowski decomposition, a dual tropical arrangement subordinated to
the Minkowski decomposition, and the induced partial resolution 7: (Y, E) — (X, D). The statement
describes what happens to a deformation ¥ € Y — (0 € M) when we change the dual tropical
arrangement. The answer is that, given a second tropical arrangement subordinated to the same
Minkowski decomposition, and corresponding induced partial resolution 7’: (Y', E') — (X, D), there
is a birational transformation

— a flop, in fact, although we don’t use the terminology — and )’ — (0 € M) is a deformation of Y.

Theorem is needed in the key step in the proof of our main result Theorem [[.L20] where it is
used to modify the total space of a deformation into one where the conclusions are easier to see — all
the action is happening in the proof of Lemma [(4]

To prove Theorem [6.I], we manoeuvre the first tropical arrangement into the second by a sequence
of elementary moves that we classify into types I-IV (and inverses of moves of type I). In all cases,
the existence of the birational transformation ® follows easily from the general results of [I0], but it is
not immediately clear that ) — (0 € M) is a deformation of Y’. The natural way to prove the result
is to prove it for the miniversal deformation family of Y and then prove it for all families by pulling
back from the miniversal family. For moves of type II and IV, Y has nonisolated singularities and the
miniversal family is an infinite-dimensional ind-scheme and in that case the miniversal property only
holds formally, see § [C.2l This is sufficient to show that )’ is a deformation of Y’ once we know that
V' exists.

Theorem 6.1. Let N be a rank-2 lattice, F C N a lattice polygon, and m = (F = > F;) an admissible
Minkowski decomposition.

Let N=N®Z, 0 = (F x {1})4, and (X, D) the corresponding affine toric pair.

Let Y T'; be a generic dual tropical arrangement and w: (Y, E) — (X, D) the induced partial reso-
lution.

Let g: (V,€) — 0 € M be a (complex analytic or algebraic) deformation of (Y, E) over a smooth
germ 0 € M, f: (X, D) — 0 € M the blow-down deformation of (X, D), and II: Y — X the obvious
morphism.

Let Y T be another generic dual tropical arrangement and ©': (Y', E') — (X, D) the induced partial
resolution.
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If the morphism II: Y — X is small, then there exists a birational transformation over X:

such that:
(i) The morphism II': Y’ — X' is small;
(i1) The morphism folIl': Y — M is flat;
(i1i) The rational map (Y',E") --» (V', &) is a morphism and it sends (Y, E) isomorphically to the
fibre over 0 € M;
(iv) With the inclusion of Part (ii), the morphism foIl': (V',E') — (0 € M) is a deformation of
(YI7 El);
(v) The birational map ®: (Y, &) --+ (V',E') is a composition of moves of type I, their inverses, and
type II-1V of Definition[6.3 and Lemma G2

Lemma 6.2. Let (Y, E) be one of the toric pairs corresponding to the tropical arrangements pictured
on the left of Figures[HIZ and w: (Y, E) — (X, D) the associated contraction of the “internal” proper
curves and surfaces on'Y .

Let g: (V,€) = 0 € M be a (complex analytic or algebraic) deformation of (Y, E) over a smooth
germ 0 € M, f: (X, D) — 0 € M the blow-down deformation of (X,D), and II: Y — X the obvious
morphism.

Let (Y', E') be the pair given by the tropical arrangements pictured on the right of the same figure
and ©': (Y',E") — (X, D) the induced partial resolution.

If the morphism I1: Y — X is small, then there exists a birational transformation over X :

such that:

(i) The morphism II': Y' — X' is small;

(i) The morphism folIl': ' — M is flat;

(i11) The rational map (Y',E") --» (V',&') is a morphism and it sends (Y, E) isomorphically to the
fibre over 0 € M;

(iv) With the inclusion of Part (ii), the morphism foIl': (V',&') — (0 € M) is a deformation of
(Y', E');

(v) The effect on the Kodaira—Spencer morphisms with values in T%/) Ior T%/,) v 18 pictured in the four
cases in Figures [HIZ using the identification T%/)E = H(A,vuv*(=Ky)) of Lemma[3J Here
A(z) =Y a;zt, By) =Y. by, ete.

Figure[d can also be read from right to left and the appropriate statements hold.

Definition 6.3. The birational maps (), &) --» (V',&’) of Lemma[6.2] pictured in Figures @HI2] are
called moves of type I-IV and — reading Fig. [0 from right to left — the inverse of a move of type L

Proof of Theorem[6l The morphism 7: Y — X is projective by Theorem [A.6l (Recall that a subdi-
vision of a lattice polyhedron P C N ® R is regular iff the associated proper birational toric morphism
to the affine toric variety X = Spec k[Cone(P x {1})V N (N @ Z)V] is projective.)

We can rearrange the > I'; into the > I'; by a sequence of moves of type I, its inverse, and II-1V
as described in Lemma 6.2l So, by induction, we may assume that 7: ¥ — X and «’: Y/ — X factor
through Z — X such that in the toric affine chart at a 0-stratum of Z, the morphisms ¥ — Z and
Y’ — Z are as described in Lemmal6.2l Using Lemma[3.4]and the description of the global infinitesimal
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w4+ vE((w) A+ 2C(2) w+vE(v)
N\
A+ yB(y) A+ 2C(2)
H A
A+yB(y)
A+ zA(2) w~+uD(u) . A+ zA(z) u+uD(u)
FIGURE 9. Move of Type L.
A+yB(y) A+yB(y)
pw+ z2C(2) w4 uD1q(u) \ A+ uDo(u)
A
A+ uDo(u) pw~+2C(2) w4 uD1(u)
A+ zA(x) ., A+ zA(2)

F1GURE 10. Move of Type II.

A3 +vE(@) | M\ +yB(y) As + vE(v) M +yB(y)

\ Aol Ao+ uD(u)
MNP Ay 4+ uD(w) Yo +2C(2) \\[M
Ao +2C(2) | Ao 3

A1+ zA(x) Az + wF(w) A1+ zA(x) A3 + wF(w)

FIGURE 11. Move of type III

deformations of (Y, E) in terms of local data in § [C.2] we may replace X by the toric affine chart at
a O-stratum of Z, so that we are in the situation of Lemma The statement then follows from
Lemma [6.2]

O

Proof of Lemmal6.2. STEP 1: EXISTENCE We construct the birational map ®: ) --» Y'. We will see
that it is a log-flip in the sense of the minimal model program and then its existence will follow from
standard results in the minimal model program.



SMOOTHING GORENSTEIN TORIC FANO 3-FOLDS 31

Az + vE(v) Az +vE(v)
A2 + 2C(z) A2 +uD(u) A+ zA(x) \ A +yB(y)
)\3 )\3
M+ zA(x) A1+ yB(y) A2 +2C(z) \ A2 +uD(u)
Az + wF(w) Az + wF(w)

FIGURE 12. Move of type IV

Note that Y — X and Y/ — X have relative Picard rank 1 and we are assuming that IT is small.
Let A be a II-ample divisor on ). Let H be a hyperplane section of X' containing 7..A. Let A be the
effective Cartier divisor ¢(m*H — A) for 0 < e € 1, ¢ € Q. Then (Y, A) is klt and, since II is crepant,
—(Ky + A) is H-ample. We take II': ) — X to be the log terminal model over X of II: ) — X.
In the algebraic case it exists by [10, Theorem 1.2]; in the complex analytic case it exists by [20]
Theorem 1.2]. Part (i) also follows: since IT is small, also II" is small.

STEP 2 By the theorem on formal functions and the formula

Y' =Proj, | .0y (n(Ky + A))

n>0

the formal completion of IT': )/ — M over 0 € M may be computed from the formal completion of
I1.

STEP 3: PROOF FOR TYPE I, ITS INVERSE, AND TYPE III The proof will follow from the:

Claim 6.4. In the set up of moves of type I, its inverse, and type III, let g: (),E) — A" be the
simultaneous resolution of the local Altmann deformation from Proposition [2.111
The family g: Y — A" is miniversal.

Let us first prove the claim. It is enough to prove that the Kodaira—Spencer map for g: ) — A" is
an isomorphism. We have an exact sequence

HY(NgY) = Ty.p — Ty — 0,

of. Lemma ZI7l We have NgY = Og(E) = Op(—Ky) and Ty 5 = H(v*1,0a(=Ky)) by
Lemmal[3.4l and the map H(NgY) — T%CE is the restriction map. Moreover E = —Ky = 71*(—Kx) is
principal; fix a trivialization Oy (—Ky) = Oy. We observe that the map HO(NgY) — Ty p = H(Oa/)
has image H°(Oa) C H°(Oa/), and deduce that the Kodaira-Spencer map is an isomorphism as re-
quired.

Parts (ii-iv) of the statement follow easily from versality of the family Y € 9 — (0 € A"). Indeed
for this family the morphism )’ — X is the simultaneous resolution of the same local Altmann family
corresponding to the second arrangement. In particular it is clear from the statement of Proposi-
tion 2Tl that )’ — (0 € A") is a deformation of Y’. The statement follows from Step 2 and the fact
that the formal completions of Y — (0 € M) and Y’ — (0 € M) are pulled back from 2 — (0 € A")
and )’ — (0 € A").

Part (v) is not difficult to prove: the induced birational map ¥ --» Y’ is an isomorphism outside
the unique exceptional divisor(s), which are mapped to the O-stratum z € X. The Kodaira—Spencer
map is constant in the internal curves and the claimed effect is the only solution that is consistent
with Lemma [34]

STEP 4: PROOF FOR TYPE II AND TYPE IV The proof follows the outline of Step 3. For example
in the case of moves of type Il a miniversal deformation family of (Y, F) is constructed explicitly in
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Example The base of the miniversal family is the infinite dimensional ind-scheme A*® = lim A"™.
The miniversal property works for deformations over finite dimensional C-algebras A; in practice this
means that every deformation over Spec A is the pull-back of a deformation (9", E™) — A™ via a
morphism Spec A — A", for some finite n.

In Claim[C. I3 miniversal deformation families (), €) — A> of (Y, E)) and (', ¢') — A> of (Y, E')
are constructed, and the birational map ) --» )’ is also constructed. Parts (ii-iv) follow; for Part (v)
see Part (iv) of Claim

The case of moves of type IV is similar and easier. 0

7. PrROOF OF THEOREM [1.20]

We work in the analytic category throughout this section.

Lemma 7.1. Let P be a 3-dimensional reflexive polytope endowed with amd, (X, D) the corresponding
Fano toric pair and 7: (Y, E) — (X, D) the induced partial resolution.

Let 0 € D be a small analytic disk and g: Y — D a smoothing of Y. For all 0 < |t] << 1
H?(3; Q) = HA(Y; Q).

Proof. The Milnor fibre for the smoothing of a qODP deformation retracts onto a lens space S3/ JaZ-

We prove the following more precise version of Theorem [I.20]

Theorem 7.2. Let P be a 3-dimensional reflexive polytope endowed with amd, (X, D) the correspond-
ing Fano toric pair and w: (Y, E) — (X, D) the induced partial resolution.

Choose a 1-parameter deformation of (Y, E) over a small analytic disk 0 € D with generic Kodaira—
Spencer class, and consider the blow-down deformation

(Y, E)S Y, €)
\ ’ \
(X, D)C (X,D)
/ 7
{0}¢ D

Note that it follows from the matching condition along dull edges that the Kodaira—Spencer class
s € T%/,E =HO (A’, V*(—Ky)) of the deformation enjoys the following property:
For all edges e = [v,w] < P and all 1 < i < j < /L., writing

S; = S|Af € HO (Af, —Ky|A;z) = HO (1—‘6, _KXlFe)

si — s; has simple zeros in Gy, =T° ~ {z¥, 2" }.

Then for all 0 < |t| << 1, X has precisely one ODP for all e = [v,w], © € T~ {a¥,2"}, and
1<i<j </l such that s;(x) = s;(z), located near x € I'°, and it is smooth everywhere else.

Above all ODP in Xy, Yy has precisely one rational curve with normal bundle O(—1) & O(-1) in
the homology class of 32, .<; Ci in H2();; Q) = H2(Y; Q).

Remark 7.3. (1) In particular, the theorem states that A} has ordinary double points: this
finishes the proof of Theorem [[.17
(2) The statement indeed is a more precise version of Theorem [[.IT7 Indeed it is a simple exercise
to compute the number of singular points on a general fibre.

The proof, given in § [[Il will be a (simple) consequence of the following:

Lemma 7.4. Let P be a 3-dimensional reflexive polytope P endowed with amd, (X, D) the correspond-
ing Fano toric pair and w: (Y, E) — (X, D) the induced partial resolution.
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Consider a miniversal complex analytic deformation of (Y, E) over an analytic germ 0 € M and its
blow-down:

(Y, B . €)

N IS

(X, D) (€, D)

(Us M
For x € X and 0 < ¢, denote by By () C X the open ball with centre at x and radius €.

Then for all x¥ € X in the 0-skeleton there exists 0 < € such that for all sufficiently genemﬁ me M,
X N Byo (€) s smooth.

Proof. Assume for a contradiction that the conclusion fails. Then there exists a flat projective family
of curves ¢: C — z9 € Z over an analytic germ 2y € Z and a commutative diagram
C—- s y
wl ln
Zz—tsXx
R lf
M
such that

(i) Forall z € Z, v: C. = Yp(2) is the inclusion of a subscheme. Put in other words, C/Z is a family
of curves in Y/ M.
(ii) m: Z — M is proper and surjective.
(iii) x(z9) = z*.
Note that, because the diagram is commutative, for all 2 € Z the curve C, € V,,(.) is contracted by
the map II to the point z(z) € Xpy(z)-
Let gy: (W, &) — Sy be the simultaneous resolution of the global Altmann deformation; in other
words, the complex analytic deformation whose existence was established in Proposition 2.14]
Because g: (V,€) — 0 € M is a miniversal deformation, there is a diagram where both squares are
Cartesian

(yvvgv) - (y,(‘:)

| |n

(‘X'Uva) - (Xa D)

g |

Sy M

M

By Proposition 2.5 for general t € S,, for all z € Z such that m = m(z) = u(¢), the singular locus
of X, near z¥ consists of a disjoint union of curves with transverse type A singularities and the curve
C, C Ym — &, is a connected union of irreducible components of a fibre of the minimal resolution
along one of these A-curves.

Sthat is, outside a complex analytic strict subset W C M
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For the rest of the proof we restrict all our families and diagrams to an affine neighbourhood of
x2¥ € X. By Theorem [6.1] there exists a birational transformation over X

V&) -——=—=—-—- > (V' &)
R %
(X, D)
Inducing new families
(V" B (V&) and ¢ —“>)
\ ) K w/l lnl
g

(X, D)C (¥, D) Z—=%

/|

/ / " '
f
{0 M M

where now the (class of the) exceptional curve C. is the class of the fibre of the surface (E; C Y') —
(I' € X) shaded in Fig. I3l It follows from this that the curve C,, C Y is the internal fibre in the

A+yC(y) A+ udyp1(u)
A A+ ud, (u)
I A+ ud;j(u)
M At udy ()
A A+ udo(u)
A+ xB(x)

FIGURE 13. Exceptional curve and tangent vector £ € TyM = H° (A, v,v*(—Ky)).

surface E;. The figure also depicts — following our usual conventions, see e.g. Lemma[6.2]— a tangent
vector £ € ToM = HO (A, v, % (—Ky)).

The birational map ®: (V,€) --» (I',&’) is a composition of moves of type I, their inverses, and
type II-1V, see Definition By Lemma[6.2] a generic tangent vector £ € ToM has the property —
see Fig. [[31— that A;_1(0) # A,(0). The statement now follows from Lemma [.5] implying that the
curve C. does not deform to a general fibre. O
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Lemma 7.5. Consider the toric pair (X, D) where
X =A,1 xAl = (xy + 2 = O) C Ai)y)z)u
D=@wuz=0cCcX
Note that D has three components: D = D,, + Dy + D, C X, where D,, = (u=10), D, = (z =y = 0)
and Dy = (z=x=0).
Let m: Y — X be the minimal resolution with chain of exceptional divisors E1,..., E, and strict
transforms F = D,,, Ey = D}, Eny1 = Dy, labelled as pictured in Fig. [13.
Consider a 1-parameter analytic deformation of (Y, E) over a small disk and its blow-down:

(Y, E)C >, €)
N |
(X, D)( (X,D)
e s
{0}¢ D

Assume that the Kodaira—Spencer class £ € T%/) g of the deformation, in the notation pictured in
Fig. 13 with A;(u) € Clu], B(x) € Clz], C(y) € Cly], is such that the A;(0) € C are pairwise distinct.
Then for all small enough 0 #t € D the fibre X; is smooth.

Proof. Lemma 2.I7 gives an exact sequence:
HY(E,NgY) = Ty 5 — Ty — (0)
From this, using Fig. [15] to picture a vector £ € T;E, we see that
(a) Ty = Clu]**t'/C[u], where C[u] acts by translation:
A(u): (A1(u), ..., Ans1(w)) = (Alu) + A1 (u), ..., A(u) + Apg1(u))

and
(b) The map Ti/y » — T4 takes a vector & € T%’, p as pictured in Fig. [[5] to the equivalence class of
the tuple (A1 (u), ..., Ant1(u)).

The result follows from the following:
Claim 7.6. Let g: YV — D be a deformation of Y over a small disk and f: X — D its blow-down. If

the Kodaira—Spencer class € € Ty, is (the class of ) a tuple (Ay(u), ..., Apy1(u)) where the A;(0) € C
are pairwise distinct, then for all 0 <t € D small enough X; is smooth.

To show the claim, note that any 1-parameter family ¢g: J — D with Kodaira—Spencer class £ blows
down to a deformation f: X — DD given by an equation:

n+1
[zy = H(z —tA;(u)) modt?] C Ai)y)z)u x Dy
i=1
and smoothness is easily checked with the Jacobian criterion. 0

7.1. Proof of Theorem The singular fibres occur next to the points in the l-strata G, =
e~ {z¥, 2"} where for some i,j s; —s; = 0.

The formula for the homology class is an exercise starting from the construction of the simultaneous
resolution IT: ) — X in Example

APPENDIX A. THE CAYLEY POLYTOPE, MIXED SUBDIVISIONS, AND TROPICAL ARRANGEMENTS

The notions below were (to our knowledge) first introduced and studied in [54] and in [28]. For a
self-contained treatment we recommend [I6] §9.2] and [33] §4.1].
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A.1. Conventions concerning polyhedra and polytopes. Fix a real vector space V of finite
dimension. A cone is a non-empty subset of V' which is closed under sum and multiplication by non-
negative real numbers. If S is a subset of V', then we denote by (S); the conical hull of S, i.e. the
smallest cone containing S. A subset of V is a polyhedral cone if it coincides with the conical hull of
a finite set, or equivalently if it is the intersection of finitely many closed half-spaces whose boundary
hyperplanes contain the origin.

A polyhedron is the intersection of finitely many closed half-spaces, so it is always convex and closed.
There is the obvious notion of face of a polyhedron. The 0-dimensional faces are called vertices and
the top-dimensional ones facets. A compact polyhedron is called polytope; equivalently, a polytope is
the convex hull of a finite set. The convex hull of a subset S C V is denoted by [S].

Now fix a lattice L and consider the real vector space Lg := L ®zR. A cone in Ly is called rational
if it is the conical hull of finitely many points in L. A lattice polytope in L is a subset of Lg which is
the convex hull of finitely many points in L.

Definition A.1. A polyhedral subdivision of a polytope F' is a finite collection S of polytopes with
the following properties: every face of an element of § is an element of S, the intersection of two
elements of § is either empty or a common face, and the union of the elements in S is F'. The elements
of S are called cells of the subdivision. If the cells are simplices, then the subdivision is called a
triangulation. If F' is a lattice polytope in a lattice L, then a lattice polyhedral subdivision of F is a
polyhedral subdivision whose cells are lattice polytopes. A polyhedral subdivision of a polytope F
is called regular it its cells are the domains of linearity of a convex piecewise affine-linear continuous
function ¢: FF — R.

A.2. The Cayley construction.

Definition A.2. Let F' be a lattice polytope in a lattice L and let m = (F = Fy +--- + F}) a
Minkowski decomposition. The Cayley polytope of m is the lattice polytope

Cayley(m) = [F1 +e1,..., Fj + ex]
in the lattice L @ Z*, where ey, ..., e, are the vectors of the standard basis of ZF.

By construction, Cayley(m) is contained in the affine hyperplane z; +- - - +x3 = 1 of L ®Z*, where
x1,...,z; are the standard coordinates of Z*.

Remark A.3. The Cayley polytope does not have interior lattice points; more precisely
k
Cayley(m) N (L @ Z%) = U(E NL)x {e;}.
i=1
The polytope F' is an affine linear slice of the Cayley polytope: indeed, the map

(A.1) t: F — Cayley(m) N (L]RX {(%av%)})

defined by ¢(v) = £(v + €1 + -+ + ex) is bijective. Notice that this map does not respect the lattice
structure.

Definition A.4. Let F be a lattice polytope in a lattice L and m = (F = Fy + - - - + F},) a Minkowski
decomposition.
A cell C C Cayley(m) is necessarily the convex hull

C=1[C; x{e;}|j=1,...,k

of cells C; x {e;} C F; x {e;}, and then C = 7 1(C) =>"C; C F is a cell.
(a) A mized cell is a cell C C F of this form, together with a choice, for all j, of a cell C; C F} such
that C = S>C; [

9 This choice is not unique, and this is why we need to build it into the definition.
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(b) A mized subdivision of F is a subdivision of F' consisting of the mixed cells induced by the cells of a
lattice polyhedral subdivision of Cayley(m). In this case we say that the subdivision is subordinated
to m.

(c) A lattice triangulation T of Cayley(m) is fine if every lattice point of Cayley(m) is a O-stratum of
some simplex of 7. A mixed subdivision of F' subordinated to m is fine if it is induced by a fine
lattice triangulation T of Cayley(m). In other words, a mixed subdivision subordinated to m is
fine if and only if it has no non-trivial refinement among mixed subdivisions subordinated to m.

(d) A mixed subdivision of F' subordinated to m is coherent if it is induced by a regular lattice
polyhedral subdivision triangulation of Cayley(m).

Remark A.5. It obvious that a coherent mixed subdivision is itself regular.

The following statement is a synthesis of (for example) [5I, Theorem 1.4], [33] Theorem 1.11], [33]
Corollary 4.10], [32, § 3, § 4].

Theorem A.6. Let F be a lattice polygon in a rank-2 lattice N, and m = (F = Fy +---+ F}) a
Minkowski decomposition of F.
The following three sets are in (compatible) 1-to-1 correspondence:

(i) The set of coherent mized subdivisions of F' subordinated to m;
(i) The set of reqular subdivisions of the polytope Cayley(m);
(iii) The set of arrangements of tropical curves T (f1), ..., T(fx), where f; is a tropical polynomial
with Newton polytope F;.

In this correspondence, fine mixed subdivision of F' correspond to fine triangulations and to generic
tropical arrangements.

Proof. The correspondence between mixed subdivisions of F' and subdivisions of Cayley(m) is an
elementary (almost tautologous), well-known and well-explained fact, see for example in [16, § 9.2
and [51].

We briefly sketch the correspondence with tropical arrangements (it also is an elementary fact).
Consider the tropical semiring T, that is, R U {oo} with operations min, +:

x@y=min{z,y} and zGy=x+y

A tropical polynomial

fx)= @ c, ©® 2% € T[N]

veN

(where almost all ¢, = c0) evaluates at a € Mg = Hom(N,R) as
f(a) = min{c, + (a,v) | v € N}

The tropical hypersurface defined by f is the subset T (f) C Mg consisting of those a € Mg where the
minimum is attained at least twice.
It is almost obvious that

T(fog)=T(f)uT(g) andNewt(f® g)= Newt(f)+ Newt(g)

A tropical polynomial f induces a regular subdivision of its Newton polyhedron F = Newt(f)
defined as follows. The extended Newton polyhedron F C Ngp ®R — defined to be the convex hull of
the {(v,c,+p) | p > 0,v € N} — is the supergraph of a PL function ¢: F — R: the regular subdivision
is the one whose maximal cells are the domains of linearity of . We denote this subdivision by S(f).
It is an elementary fact [33, Theorem 1.1] that S(f) is dual to the tropical hypersurface T (f).

The key fact is this: the union of two tropical hypersurfaces is dual to the regular mixed subdivision
derived from the regular subdivisions dual to the two hypersurfaces, see [32] § 3, § 4]. O
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APPENDIX B. DEFORMATIONS OF PAIRS

In this section we develop the general theory of deformations of pairs (X, D) of a scheme X and
effective Cartier divisor D on X. This is basically a long exercise in deformation theory. The results
must be well-known to many algebraic geometers but, surprisingly given the vast amounts of existing
literature on deformation theory, we could not find them written up anywhere. The first § [B.1] treats
deformations of pairs (X, L) of a scheme and line bundle; in § we discuss deformations of pairs
(X, D) of a scheme and Cartier divisor.

We work over a fixed base field k. If S is an algebraic stack of finite type over k, Lg denotes the
cotangent complex of S over k, Qg denotes the cotangent sheaf of S over k, i.e., Qg = H’(Lg), and
Ts denotes the tangent sheaf of S over k, i.e., Ts = Hom(f2s, Og). Similarly, we use the notation L,
Qy, Ty for a morphism f between two algebraic stacks of finite type over k.

B.1. Deformations of a scheme together with a line bundle. Here we fix a separated scheme
X of finite type over the field k and a line bundle L on X.

Notation B.1. Write Qr, = P'(L) ®0, LV, where P!(L) is the first sheaf of principal parts of L.

We refer the reader to [26] Definition 16.3.1] for the definition of the sheaves of principal parts.
There is a natural short exact sequence of coherent sheaves on X

(B.l) (0)—)Qx—>QL—>Ox—>(O)

that is associated to the class in Ext'(Ox,Qx) = H'(X,Qx) that is the image of the class of L
in H'(X, 0%) via the homomorphism of abelian groups H'(X,0%) — H'(X,Qx) induced on first
cohomology by the homomorphism of sheaves of abelian groups dlog: O% — Qx given by g — g~'dg.

We refer the reader to [5 §3] and to [56]. The short exact sequence (B is called the Atiyah class of
L, see [29] TV.2.3].

Remark B.2. It is possible to give an explicit description of the sheaf @J;. Fix an affine open cover
U = {U;}; that trivialises the line bundle L. Set U;; = U; NU;. Let g;; € Ox(U;;)* be transition
functions of L over U, i.e. the diagram

LlU'Lj

SZIV \KJIU”

Ou,,

"9ij
commutes, where s; (resp. s;) is a nowhere vanishing section of L over U; (resp. U;). In other words,
sjlu,, = 9ijsilu,,- Then the line bundle is associated to the cohomology class [{g;;}] € H' (U, O%) C
HY(X,0%).

The sheaf @, is obtained by choosing isomorphisms ¢;: Qr|y, = Qu, © Oy, and on the pairwise
intersections we have the following commutative diagram of isomorphisms.

Qrlu,

Qu,; © Ouy,, : o Qu,; ® Ouy,,
ldQUij T;J
0 idoU”

Remark B.3. The sheaf Qv associated to the dual line bundle LV is isomorphic to @, but the
short exact sequence (B for LY differs from the one for L by a minus sign in one of the two maps.

Remark B.4. If X is smooth, then the dual sequence of (B is
(0) - Ox — D*(L) = Tx — (0)




SMOOTHING GORENSTEIN TORIC FANO 3-FOLDS 39

where D (L) is the sheaf of first order differential operators of L and the homomorphism D*(L) — T'x
is the symbol map.

We next see that the sheaf @ controls the deformations of the pair (X, L). We also consider the
forgetful map Def(X, L) — Def(X).

Proposition B.5. Let X be a scheme of finite type over the field k and let L be an invertible sheaf
on X. Then:
(i) There exists an exact sequence
(B.2) HY(X,Ox) — TDef(X, L) — TDef(X) — H*(X, Ox)
(ii) If H3(X,0x) = (0), then the forgetful map Def(X, L) — Def(X) is smooth.
(iii) If X is reduced and k is perfect, then Ext*(Qr,Ox) is the tangent space of Def(X, L) and the

exact sequence (B.2) is obtained by taking the cohomology long exact sequence of (B.I)).
(iv) If X is normal and k is perfect, then Ext*(Qr, Ox) is an obstruction space of Def(X, L).

Before giving the proof, we prove a homological algebra lemma and we make a remark on the
cotangent complex of a smooth quotient stack.

Lemma B.6. Let n > 0 be an integer. Let X be a noetherian scheme and let Z C X be a closed
subset. Let A be a compler of Ox-modules with coherent cohomology such that:

(1) for all i >0 H(A) = (0),

(2) for all i < 0 H(A) is set-theoretically supported on a subset of Z.
If for every scheme-theoretic point x € Z we have depth Ox , > n, then for all 0 < j <n the map

Ext/ (H°(A), Ox) — Ext? (4, Ox)

induced by the truncation map A — T>0A and the quasi-isomorphism HO(A) — 1504, is an isomor-
phism.

Remark B.7. In Lemma [B.6] the assumption on the depth of the stalks of the sheaf Ox at the points
of Z implies that every irreducible component of Z has codimension > n in X. Conversely, if X is
Cohen—Macaulay and every irreducible component of Z has codimension > n in X then the assumption
on the depth of Ox at points of Z is automatically satisfied.

Proof of Lemma[B.8. By [27, Proposition 3.7] we get that for all i # 0 and ¢ < n Ext?(H!(A),Ox) =
(0). By the spectral sequence
EY? = HP(Ext1(H' (A), Ox)) = ExtPTI(H' (A), Ox)
we get the vanishing
(B.3) foralli 0 and j <n Ext’ (H'(A),O0x) = (0)

Let I be an injective resolution of Ox. Consider the double complex K given by K%/ = Hom(A ™%, I)
that computes Ext®(A, Ox). The double complex K gives two spectral sequences; one of these has
first page equal to B2 = Hom(H ~*(A), I7), and second page equal to 'Ey? = Ext? (1 ~*(A), Ox). The
vanishing in (B3) implies that, for all 0 < j < n, 'Ey? = Ext/(H°(A), Ox) is the unique non-zero
term in 'Ky with total degree j. Moreover, for all 0 < j < n, the differentials in 'Fy starting from
and arriving in ’Eg’j are zero. This implies that, for all 0 < j < n, ’Eg’j is isomorphic to the limit
Ext/ (4, Ox). O

Remark B.8. Fix a field £ and an algebraic group G over k acting on a smooth scheme Y over k.
Then the cotangent complex Ly, of the quotient stack [Y/G] is quasi-isomorphic to the following
complex of G-equivariant sheaves on Y concentrated in degrees 0, 1:

Qy — g" @ Oy

where gV is the dual of the Lie algebra g of G and the differential is dual to the adjoint action on
tangent vectors.
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Proof of Proposition [B-3. We denote by BG,, the quotient stack [Spec k / Gp,] that classifies line bun-
dles, i.e. Gy-torsors. Let ef,: X — BGyy, be the classifying morphism of L. The morphisms

X =5 BGy, — Speck
induce a distinguished triangle in the derived category of X:
LEELBGm — LX — LEL — LEZLBGm [1]

By Remark [B.§ we have Lgg,, = Opg,, [—1]. Therefore Le} Lpg,, = Ox[—1]. By shifting we obtain a
distinguished triangle

(B.4) Lx - L., —» Ox — Lx|[1]

This is exactly the Atiyah class of the line bundle L, see [29, IV.2.3], so
QL= H° (L.)

and

(B.5) foralli£0  H'(Lx)~H' (L)

Giving an infinitesimal deformation of the scheme X together with the line bundle L is equivalent to
giving an infinitesimal deformation of the morphism e;, which is trivial on the target. Therefore infin-
itesimal automorphisms, tangent space and obstructions of Def (X, L) are controlled by the cotangent
complex L., of the morphism e1. The distinguished triangle (B.4) induces the exact sequence

(0) = HY(Ox) — Ext’(L.,,0x) — Ext’(Lx, Ox) —
— HY(Ox) = Ext'(L.,,0x) = Ext!(Lx,O0x) —
— H}(Ox) = Ext*(L.,,Ox) — Ext*(Lx, Ox)

where Ext! (L., , Ox) is the tangent space of Def(X, L) and Ext?(L., , Ox) is an obstruction space for
Def(X, L). This immediately implies the well known fact that H?(Ox) is an obstruction space for the
forgetful map Def(X, L) — Def(X); this proves (i) and (ii).

Now we need to prove (iii) and (iv). Assume that k is perfect. Let Z be the complement of the
regular locus of X. Since k is perfect, X \ Z is smooth over k and hence the negative degree cohomology
sheaves of the cotangent complex Lx are supported on subsets of Z. By (B.) also the negative degree
cohomology sheaves of L., are supported on subsets of Z.

If X is reduced, then X is Ry (i.e. codim(Z,X) > 1) and Sy, hence for all € X depthOx, >
min{1,dim Ox ,}. We apply Lemma [B.6 to L., and we obtain an isomorphism Ext'(L.,,Ox) =
Ext'(Qr,Ox). This proves (iii). Part (iv) is proved in the same way, because if X is normal then X
is R1 and SQ.

OJ

B.2. Deformations of a scheme together with an effective Cartier divisor. Here we fix a
separated scheme X of finite type over the field k and an effective Cartier divisor i: D — X.

Lemma B.9. There is a natural injective homomorphism of Ox -modules

Ox(=D) = Qo (p)
where Qo (p)y 15 the coherent sheaf on X associated to the line bundle Ox (D) in Definition (B

Proof. We use the notation as in Remark [B.2t ¢/ = {U;}; is an affine open cover of X which trivialises
Ox (D), s; is a nowhere vanishing section of L on U;, {g;;} are the transition functions of Ox (D). Let
s € HY(X,Ox(D)) be the global section which defines D. Let f; € Ox(U;) be such that s|y, = f;s.
Then filv,; = gi;fjlv,;-

The homomorphism Ox (—D) — Qo (p) in the statement is given by the collection of homomor-
phisms Oy, — Qp, @ Oy, which maps 1 € Oy, to

(i{:&) € QUi @ OUi



SMOOTHING GORENSTEIN TORIC FANO 3-FOLDS 41

These homomorphisms glue together because the diagram
dfi
—fi
Ou,, Qu,; ® Ou,,

. dgi;
gt ldQUu ggTj]
9ij 0 id(’)uij

Oviy ———— u;; © O,

(%)

commutes. The homomorphism is injective because the f;’s are not zero divisors, since D is a Cartier
divisor. 0

Definition B.10. We define Qx (log D) to be the cokernel of the homomorphism Ox (—=D) = Qo (p)
constructed in Lemma [B.9

It is immediate that Qx (log D) is a coherent sheaf on X. We have a short exact sequence
(B.6) (0) — Ox(=D) — Qo (p) — Qx(log D) — (0)

Remark B.11. One can see that Qx (log D) is the sheaf of logarithmic differentials of X equipped
with logarithmic structure (in the Zariski topology) induced by D over the standard log point. This
logarithmic structure on X is obtained by the charts N — Oy, given by 1 — f;.

Remark B.12. If X and D are smooth over k, then Qx(log D) is the usual sheaf of logarithmic
differentials on X with respect to the divisor D. If X is smooth and D is a normal crossing divisor,
our Qx (log D) is not the usual sheaf of logarithmic differentials on X with respect to D.

For example, if X = A? = Speck[z,y] and D = Speck[z,y]/(zy) is the union of the two axes

then Qx (log D) is generated by dz, dy and %yy) and is not locally free, whereas the usual sheaf of
logarithmic differentials on X with respect to D is a free Ox-module of rank 2, generated by df, %.

See Proposition [B.18 for a general treatment of the case in which X is smooth.
Lemma B.13. There is a short exact sequence
(B.7) (0) — Qx — Qx(log D) — Op — (0)

When X and D are smooth over k, the exact sequence (B.1) is the residue sequence.

Proof of Lemmal[BI3 The short exact sequence (B.7)) can be constructed locally on affine open cover
of X which trivialises Ox (D). Alternatively, one can consider the commutative diagram

(0) ——=0—— O0x(—D) ——= Ox(—D) ——= (0)

]

(0) —= Qx —— Qo () Ox (0)

with exact rows and apply the snake lemma. O

We next see that, in many cases, the sheaf Qx (log D) controls the deformations of the pair (X, D),
i.e. of the closed embedding D — X.

Proposition B.14. Let X be a scheme of finite type over the field k and let D — X be an effective
Cartier divisor. Denote by NpX = Op(D) the normal bundle of D in X. Then:

(i) There exists an exact sequence
H%(D, NpX) — TDef(X, D) — TDef(X) — H' (D, NpX)
(ii) If HY(D,NpX) = 0, then the forgetful map Def(X, D) — Def(X) is smooth.
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(iii) If X is reduced and k is perfect, then Ext'(Qx(log D),Ox) is the tangent space of Def(X, D)
and the exact sequence in (i) is obtained by taking the cohomology exact sequence of (B.J).
(iv) If X is normal and k is perfect, then Ext*(Qx (log D), Ox) is an obstruction space of Def(X, D).

Proof. We consider the quotient stack [A!/Gy,], where the action of Gy, on A' has weight 1. This
stack classifies line bundles with a section, see [42 §10.3], so we can consider the classifying morphism
np: X — [AY/G,,] associated to the effective Cartier divisor D on X. We have a sequence of maps of
algebraic stacks of finite type over k

X 22 [A'/Gn] 2 BGy, — Speck

where p is given by A' — Speck and ponp = E0x (D) 18 the classifying morphism of the line bundle
Ox (D). There is a distinguished triangle in the derived category of X:

Ln*DL[Al/Gm] —Lx = L,, — LnEL[Al/Gm] [1]

Denote by t the standard coordinate on A!, and by Oy:(r) the Gp,-equivariant sheaf on A! with
weight » € Z. By Remark [B.8 we have that Lia1/g,,) is quasi-isomorphic to the complex of Gy,-
equivariant sheaves on Al

Opi(—1) -5 O
in degrees 0, 1. It follows that LnpL(a1 /g, is quasi-isomorphic to the 2-term complex
Ox(—D) — Ox

in degrees 0,1, where the differential is given by the section of Ox (D) that defines D. This implies
that LnpLia1 /g, is quasi-isomorphic to Op[—1]. Therefore, by shifting we obtain the distinguished
triangle

(BS) Lx —>L77D —>0D —>Lx[1]

The truncation of this distinguished triangle in degree 0 is the short exact sequence (B.Z), because we
have
Qx (IOg D) = HO(LWD)
and
foralli#0  H'(Ly)~H(L,,)

Giving an infinitesimal deformation of the scheme X together with the Cartier divisor D is equiva-
lent to giving an infinitesimal deformation of the morphism np that is trivial on the target. Therefore
infinitesimal automorphisms, tangent space and obstructions of Def(X, D) are controlled by the cotan-
gent complex L,,, of the morphism 7p. Since for all i Ext'(Op, Ox) = H~}(NpX), the distinguished
triangle (B.8)) induces the exact sequence

(0) = Ext’(L,,,Ox) — Ext’(Lx, Ox) —
— HY(NpX) — Ext'(L,,,Ox) — Ext'(Lx, Ox) —
— H'(NpX) — Ext*(L,,, Ox) — Ext*(Lx, Ox)
where Ext'(LL,,,Ox) is the tangent space of Def(X, D) and Ext®(L,,,Ox) is an obstruction space
for Def(X, D). This immediately implies the well known fact that H'(NpX) is an obstruction space

for the forgetful map Def(X, D) — Def(X); this proves (i) and (ii).
The proof of (iii) and (iv) is very similar to the one of Proposition [B:] and is omitted. O

Now we make some comments on the sheaves Ext’(Qx (log D), Ox), which help to compute the
k-vector space Ext'(Qx (log D), Ox).

Notation B.15. Write Tx(—log D) = Hom(Qx (log D), Ox).
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Remark B.16. If (X, D) is a toric pair over k, then Tx(—log D) coincides with the usual logarith-
mic tangent sheaf, i.e. the one associated to the standard log structure that exists on a toric variety.
Moreover, under these assumptions, Tx(—log D) = O% where n = dim X. Compare these two re-
sults for the logarithmic tangent sheaf with similar statements (but different assumptions) about the
logarithmic cotangent sheaf in Remark and in Proposition [B.18

The two results above hold because of the following argument. Let Tj,, be the usual logarithmic
tangent sheaf; it is well known that Tiog = O%. Our Tx (—log D) is reflexive because it is the dual of
a coherent sheaf. By Remark [B.12] Tio, and T'x (—log D) coincide on the open subset of X where the
divisor D is smooth (or empty). The complement of this open subset has codimension > 2 in X, so
the two reflexive sheaves Tiog and T'x (—log D) coincide everywhere on X.

Remark B.17. Let Ox(—D) C Ox be the ideal sheaf of the closed embedding D — X. Let
NpX = Op(D) = Hom(Ox(—D),0Op) be the normal bundle of D in X. By dualising the exact
sequence (B we get the exact sequence

(0) = Tx(=log D) = Tx — NpX — Ext'(Qx(log D), Ox) — Ext* (Qx, Ox) — (0)
where the homomorphism
(BQ) TX — NDX

maps a derivation 9: Ox — Ox into the composition of the restriction 0|p, (~p): Ox(=D) — Ox
with the surjection Ox — Op. This implies that Tx(—log D) is the subsheaf of Tx consisting of
the derivations 0 such that Oh € Ox(—D) for every section h of the ideal sheaf Ox(—D) of D in X.

Moreover we have

for all i > 2 Ext'(Qx(log D), Ox) ~ Ext'(Nx, Ox)

Proposition B.18. If X is smooth over k, then the following statements hold.
(1) Qx(log D) is a locally free Ox-module if and only if D is smooth over k.

(2) If X has pure dimension n and Z is the closed subscheme of D defined by the (n — 1)t Fitting
ideal of the Op-module Qp, then there is an isomorphism

g:Etl (QX(log D), Ox) ~ Oz(D)
(8) For all i there is an isomorphism
Ext'(Qx (log D), 0x) ~ H(Tx — NpX)

where the 2-term complex on the right is in degrees 0 and 1 and the differential is the homo-
morphism in (BA).

Remark B.19. Assume that we are under the assumptions of (2). Since Qx|p is a locally free
Op-module of rank n and the conormal bundle Op(—D) is a line bundle on D, the conormal exact
sequence

OD(—D) — QX|D — QD — (0)

gives that the (n — 1) Fitting ideal of the Op-module p is locally generated by the entries of the
n X 1 matrix which represents the homomorphism Op(—D) — Qx|p. More explicitly, on an open
subset of X where Ox (D) and Qx are free this homomorphism is given by the differential of the local
equation which defines D. Therefore, Z coincides set-theoretically with the non-smooth locus of D.

If, in addition, D is a reduced normal crossing divisor on X, then Z is the singular locus of D
equipped with the reduced structure.

Remark B.20. Combining Proposition [B.I8(3) and Proposition [B.14{iii) implies that if X is smooth
over k then H'(Tx — NpX) is the tangent space of the deformation functor of the pair (X, D). This
result was proved in [52] Proposition 8] via explicit computations.

Proof of Proposition[B.18 (1) Since the question is local, we may assume that X is affine and D is
the zero-locus of a global function f € Ox(X). By base change to the algebraic closure of k, we may
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assume that k is algebraically closed. By étale descent, we may assume that X is the affine space
A™ = Speck[z1,...,zp].
The exact sequence in (B.6) implies that Qx (log D) is the cokernel of the injective homomorphism

w: Opn — Oﬂnﬂ) which maps 1 to

E
-f

For all closed points p € A™(k), the following statements are equivalent:

the sheaf Qx (log D) is free in a neighbourhood of p in A™,
the stalk Qx (log D), is a flat Ogn p-module,

Tor{*"? (Qx (log D). kp) = 0,

0 @idy, : ky = ky " s injective,
e e .
at least one among a—mfl(p), ce %(p), f(p) is non-zero,

p does not lie in the non-smooth locus of D.

Since p is arbitrary, this concludes the proof of (1).

(2) Since X is smooth, Qy is locally free, so Ext!(Qx,O0x) = 0. By the exact sequence in Re-
mark B.I7 £xt! (Qx (log D), Ox) is the cokernel of the homomorphism Tx — NpX in (B.9).
Consider the restriction NpX = Op(D) - Oz(D) from D to Z. If we show the equality

(BlO) im (TX — NDX) = ker (NDX — Oz(D))

then we are done because this will imply that Oz (D) is the cokernel of Tx — NpX. The equal-
ity (BI0) is a local problem in the fppf topology, so we can assume, as we did in the proof of (1), that
k is algebraically closed, X = A™ = Spec k[z1, ..., 2,] and D is the zero-locus of a non-zero polynomial
f € klx1,...,2z,]. In this case, the homomorphism Tx — NpX is OE'?” — Op given by the row of the
n partial derivatives of f and the homomorphism NpX — Oz (D) is just the restriction Op — Oyz.
By Remark [B19] Z is the closed subscheme of A™ whose ideal is generated by f and its n partial
derivatives. This concludes the proof of (2).

(3) We have the following sequence of quasi-isomorphisms of complexes
RHOm(Qx(IOgD), Ox) ~ Qéx(D) — Ox(D) ~ [TX — NDX]

where the 2-term complexes in the middle and on the right are both concentrated in degrees 0 and 1.
The first quasi-isomorphism holds because, since X is smooth, the short exact sequence (B.f]) gives
a locally free resolution of Qx(log D). The second quasi-isomorphism follows via the snake lemma
applied to the following morphism of short exact sequences:

(0) — O\X —> Q0 (p) TlX (0)
(0) ——= Ox ——= 0Ox(D) NpX (0)

Via the sequence of quasi-isomorphisms above we get
Ext’(Qx (log D), Ox) = H' RHom(Qx (log D), Ox)
= H'RT RHom(Qx (log D), Ox)
=H(Tx — NpX)
This concludes the proof of Proposition O
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Example B.21. Let f,g € k[z1,...,2Zn4+1] be polynomials such that g, f is a regular sequence. Con-

sider the following closed subschemes of the affine space A"*': X = Speck[zi,...,7,11]/(g) and
D = Speck[z1,...,xn41]/(f,g). Clearly, D is an effective Cartier divisor on X. The conormal se-
quence of X — A"l — Speck is the exact sequence

B9

oxq

9

Ox 2222, 090+ 0y s (0)

The short exact sequence m) is
( )
f

(0) — Ox — = Qx ®O0x — Qx(log D) — (0)

Combining these two exact sequences gives the exact sequence

99 of
axl axl
('9'9 B'f
OTni1  OTpi1
O —
0%? d 02" 5 Ox(log D) — (0)

Example B.22. Consider the 3-fold ordinary double point X = Spec k[z,y, z, w]/(xy — zw) and its
closed subscheme D = Spec k[x,y, z,w|/(zy, zw). This is Example B2 with g = zy — zw and f = zy.
D is a reduced effective Cartier divisor on X with 4 irreducible components, each of which is isomorphic
to A2. The last exact sequence in Example [B.21] is

Yy Yy
X X
—w 0
—z 0
0 -—=x
0) — 022 X T 085 0y (log D) —s (0)

By dualising and doing some column operations and row operations, we deduce that the group
Ext'(Qx (log D), Ox) is isomorphic to the cokernel of the homomorphism O%* — O%? given by the

matrix
z y 0 0
0 0 2 w
This shows that Ext'(Qx (log D), Ox) is isomorphic to

Ox Ox klz,y,z,w] _ klz,y,z,w]

o) “Tw e Gz O OO
where I'y (resp. I') is the closed subscheme of D (and of X') defined by the ideal generated by z,y, zw
(resp. xy,z,w). Hence the fibre of Ext'(Qx(log D),Ox) at the closed point corresponding to the
maximal ideal (z,y, 2z, w) has dimension 2.

Now we give a more conceptual way to describe Ext! (Qx(log D), Ox). Consider the following closed
subscheme of D: T' = Specklz,y, z,w]/(zy, xz, zw, yz, yw, zw). It is reduced and has 4 irreducible
components, each of which is isomorphic to A'. T is the closed subscheme of D defined by the 24
Fitting ideal of the Op-module Qp, so I' is the non-smooth locus of D equipped with the reduced
structure. I'; and 'y are the union of 2 of the 4 irreducible components of I' and I" is the union of
I'; and T's. Consider the disjoint union IV = T'; [[T'3. The closed embeddings I'; < T" and 'y — T'
give a finite surjective morphism v: TV — T which is a partial resolution. Then Ext*(Qx (log D), Ox)
is isomorphic to v,Op = v, v*Or.
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APPENDIX C. MINIVERSAL DEFORMATIONS OF PAIRS
C.1. Statement of purpose.
Notation C.1. In this section, A% (for example) denotes Spec Clz,y, z,u], that is, affine 4-

T,y,2,u
dimensional space with a choice of coordinate functions labelled x,y, z, u.

We adopt a similar convention in a host of similar situations.

The purpose of this section is to write down explicit examples of miniversal deformations of toric
pairs (Y, E) — where Y is locally a hypersurface and E is a Cartier divisor — that are needed in the
proof of Theorem [6.]

We allow Y to be nonproper and to have nonisolated singularities. Even in the simplest case when
Y = Ai,y,z and E = (zyz = 0) C Y, the miniversal deformation is infinite-dimensional. Indeed in this

Ty.p = {A+2A(@) + yB(y) + 2C() | A € C, A() € Cla], B(y) € Cly, C() € Cl2] |

To address the infinite-dimensionality we work with ind-schemes. The terminology of ind-schemes
is introduced in [34] 22] but (fortunately) we don’t actually need any of the theory.

In § we construct “by hand” several explicit examples of deformation families of toric pairs
(Y, E) over a smooth ind-scheme — in fact, see below, over A>® = lim A". We want to check that
these families are miniversal. The key is that, although we construct these families over A*°, we only
claim miniversality over Artin rings. In § we prove some general principles: the key result is
Corollary [C.6] stating that a family is miniversal if it is universal for first-order deformations. To
prove the Corollary, first, using Lemma [C.3] we reduce to the local case. Second, in our setting the
local case may be treated by the explicit and elementary Lemma [C.5] since we may assume that Y is
a hypersurface.

C.2. General principles.
Notation C.2. (i) We denote by A> the ind-scheme
AZ?,GQ,... = h_H;AZi
A7
(ii) Writing A" = Specklay,...,amn]/(a1,...,an)*!, we denote by
A® = lim lim A"
e

the formal completion of A*° also an ind-scheme.
(iii) In § we often have a situation where we regard the “power series” A(z) = Y2 a;z" as a

function on the ind-scheme Al x AZ

»»»»» am seey@m41

Lemma C.3. LetY be a normal variety and E C'Y a Cartier divisor. Assume that H(Y, Ty (—log E)) =
0 fori=1,2. Let {U;}ic1 be an affine open covering of Y. Let A be an Artinian local k-algebra, finite
dimensional over k. For all i € I, let (U;,&;)/ Spec A be an infinitesimal deformation of the pair
(U;, Elu,) over A.

If the induced deformations of (U; N Uy, E|lu,nu,) over A are isomorphic, then there exists a defor-
mation (Y, E)/ Spec A of (Y, E) over A such that its restriction to U; is isomorphic to (U;, E;)/ Spec A
for each i € I, and it is uniquely determined up to isomorphism of deformations. 0

Definition C.4. Let (Y, E) be a pair consisting of a variety Y and Cartier divisor E.

Consider deformations of the pair (Y, E) over Artinian local C-algebras A, assumed finite-dimensional
over C.

A deformation (Y, &%) of (Y, E) over either 0 € A? for some d € N, or the ind-scheme 0 € A® =
liﬂAm is miniversal if:
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(1) For all A and deformation (Y, &) of (Y, E) over A there is a morphism Spec A — A* such that
(¥, €)/A is isomorphic to the pull back of (Y%, £*)/A>;
(2) If A = k[t]/(t?) the morphism Spec A — A in (1) is uniquely determined.

Lemma C.5. Let (Y, E) be a pair consisting of an affine hypersurface Y = (f = 0) C A™ and a Cartier
divisor E = (g =0) C Y. Consider deformations of the pair (Y, E) over Artinian local C-algebras A,
assumed finite-dimensional over C. There is a miniversal deformation (Y*,E*) of (Y, E) over either
0 € A? for some d € N or the ind-scheme 0 € A := li_n>1Am.

Moreover, this miniversal deformation may be explicitly constructed as follows:
Let h; € Clxy,...,xy,], i € I, be a lift of a basis of the C-vector space

T3 = coker (HO(A", Tyn) — HO(A™, NyA™) =Clzy,...,zal/(f, g—i, e aax_{b)
Let kj € Clzy,...,xy], j € J be a lift of a basis of the C-vector space
Ty 5 = coker (H*(Y, Ty) — H°(Y, NgY))

under the surjection
C[‘Ilv e 7‘:677«] - C[Ila s axn]/(fv g) = HO(Ya NEY)
Then a miniversal deformation of the pair (Y, E) is given by the family

.....

E' = (g—l—Zujkj :O) cy
where d is the cardinality of the disjoint union I U J (either finite or countably infinite).

Proof. By definition of ind-scheme, a morphism Spec A — A? is given by an assignment t; — a;,
uj + b; for some a;,b; € A with finitely many nonzero. The assertion follows from e.g. [9], p. 23,
Theorem 6.1 and Remark 6.1. g

Corollary C.6. Let (Y, E) be a pair of a normal variety and Cartier divisor. Assume that (Y, E) has
an atlas of charts as in Lemma[Cd and that H (Y, Ty (—1log E)) =0 fori=1,2.

Suppose given a deformation of (Y, E) over a base 0 € A® for e finite or countably infinite, the
deformation is miniversal iff it is universal for first order deformations, equivalently, the Kodaira—
Spencer map ToA® — T;E is an isomorphism.

Proof. By Lemma we may assume that Y is affine. Let (V*,£%) — A? be the miniversal family
provided by Lemma[C5l By versality of this family, for all orders [ we have compatible maps A¢ — A,
where:

e if e is finite, AY = Speck[s1,...5c]/(51, .- 5¢)

e if ¢ is countably infinite and A® = liﬂAm, A7 = h_n}A{”
Now one checks that if the map for [ = 1 is an isomorphism then for all I the maps Af — A¢ are
isomorphisms. O

C.3. Explicit examples of miniversal deformations of pairs. Below we describe several deforma-
tion families of toric pairs (Y, E) over A> that are flat over a Zariski open neighborhood of the origin,
but we only claim (mini)versality for infinitesimal deformations. In all cases the claimed miniversality
follows from the description of T%/) g given in Lemma 34 and Corollary In our setting, the as-
sumption H (Y, Ty (—log E')) = 0 for i = 1,2 of the Corollary is satisfied by Theorem B.7(2). We will
also need to work locally on X, where m: Y — X is a crepant partial resolution of a Gorenstein toric
Fano 3-fold, for which we need the assertion R'm, Ty (—log E)) = 0, which is proved in the same way.

Example C.7. A miniversal deformation of the pair

(v.E) = (a2, (@y==0)
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is given by the family
V= Ai,y,z x M
&= (xyz + A+ zA(z) +yB(y) + 2C(z) = O) cy
over M = A} x A® - x AR, xAX | where A(x) = Y aixt, Bly) = Y2, biy', C(2) =
S cizt
Example C.8. We describe a miniversal deformation of the pair (Y, E) where
Y=(y+z2w=0)C A;{y’z’w
E=(zw=0)CY

The following claim is a simple exercise based on the previous sections, especially Proposition[B.14] (iii)
and Lemma [3.4
Claim C.9. The family

g (V&) 5> M =AY x A, x AL . X AX,  XAX . XA,

given by equations as follows is a miniversal deformation of the pair (Y, E):
(C.1) y= (:Ey +zw=A+p+zA(z) + yBly) + 2C(z) + wD(w)) CAY XM
(C.2) &= (zw =N+ zA(x) + yB(y)) cy
where A(z) = Y icgaix’, B(y) = > ioobiy’, ete.

The Kodaira—Spencer map of the family is shown in Fig. , where the picture represents a vector
in T%@E =H° (A, v,v*(—Ky)), see Lemma[37)

A+ zA(x)

1+ wD(w)

u+ zC(z)

A+yB(y)
FIGURE 14. Kodaira—Spencer map of the family of Equations and

Example C.10. In this example we describe a miniversal deformation of the toric pair (Y, E) where
Y is the product of the minimal resolution of the surface A, -singularity with A'.

In more detail, consider the pair (X, D) where
X=A,xA,=(zy+:2"""=0) C Ai,y,z,u
D=(zu=0)CX
Note that D has three irreducible components: D = D,, + D, + D, where D,, = (u =0), D, = (z =

y=0)and Dy = (2 =z = 0). Let 7: ¥ — X be the minimal resolution with chain of exceptional
divisors Fy, ..., E, and strict transforms D;,, By = D}, E,+1 = Dy, as pictured in Fig [I3l

Our goal is to describe the miniversal deformation family of the pair (Y, E), where E = D! +
erol L.
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Let
M= (A" AL X AR, X AT

C0,C1,.--

and consider the family of pairs f: (X, D) — M given by equations:

n+1
(C.3) X = [ary + [ = Aiw) = 0} C Ay s X M
i=1
(C.4) D= [uz—i—)\—i—xB(:c)—i—yC(y) 20} cX
where:
e For j =1,...,n+41, denoting by a;o, a;1,... the coordinate functions on the 4t factor of the

product (A%)" 1 A (u) = 3200 ajut;
e B(z) = Z;}io biz', Cy) = Z;}io Gy
Claim C.11. There exists a simultaneous resolution I: (V,€) — (X, D) inducing a flat morphism
g=foll: (V,E) - M where:
(i) The rational map (Y, E) --» (¥, ) is a morphism that identifies (Y, E) with the fibre g*(0);
(i1) With the identification in Part (i), g: (¥,€) — 0 € M is a miniversal family for the pair (Y, E);
(i11) The Kodaira—Spencer map of the family is shown in Fig. I3, where the picture represents a vector
in T;E =H° (A, v,v*(—Ky)), see Lemma[34)

A+yC(y) A+ wd i (u) Eni1 =D,
A A+ wAn (u) En
A A+ ud,—1(u) En—
, e
A A+ uda(u)
A A+ udy(u) By
A+ zB(x)
Ey =D,

FIGURE 15. Kodaira—Spencer map of the family of Equations and

(iv) The action of the symmetric group &, 1 that permutes the factors of (A*)"*1 lifts uniquely to:
o q biregular action on (X, D) such that f: (X, D) — M is equivariant, and
e a birational action on the pair (), E) such that II: Y — X is equivariant.

We prove the claim by induction on n; see also [35, 2.2.2. Theorem]|. Consider the blow up X’ — X
of the divisor

Z=(x=z—-A1(u)=0)C X
The variety X” is given by the equation (2'z = 2’A;) C X x P, .
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In the chart where 2’ # 0, setting & = 2’/2’ and substituting x = TA;, we get
n
X0z £ 0y = gy + [[ (2 - Aw) =0] c AL, ., x M
i=2

and we proceed to resolve singularities by induction on n.
In the chart where 2/ # 0, setting z = z’/2’ and substituting z = 2z + Ay, we get

n+1
X0 fa £ 0y = [y+ 2] (+ (Au(w) - As(w)) = 0] € AL, =, x M
=2

and, solving for y, we see that X’ is nonsingular in this chart. Working in this chart, we can prove the
statement concerning the Kodaira—Spencer map of the family. Indeed, in this chart

D'n{x #0} = {x?u—i—)\—i-uAl(u)+:cB(x)+yB(y)+---20} cX

It follows from this last expression, by induction on n, that the Kodaira—Spencer map identifies
ToM with T; g, which shows that the family g: (V,€) — 0 € M is indeed a versal family.

Example C.12. In this example we describe a miniversal deformation of the pair (Y, F) given by the
tropical arrangement in Fig.
In other words, consider the pair (X, D) where
X =(zy—uz?=0)C Ai,y,z,u
D=(uz=0)CcX
Note that X has an A;-singularity along the u-axis. Our goal is to describe a miniversal deformation of

the pair (Y, E) where m: Y — X is the blow-up of the divisor Z = (x = 2 = 0) C X, and E = 7~ }(D).

The variety Y is given by the equation (2'z = 2'2) C X x P, .

In the chart where 2’ # 0, setting T = 2’/2’, the equations of the pair (Y, F) are given by substituting
x = Tz in the equations of (X, D):

Y=(@y—uz=0)C A%y%u
E=uz=0)CY

Note that this is the pair of a 3-fold ordinary double point together with its toric boundary divisor,
already considered in Example

In the chart where 2’ # 0, setting Z = 2’/2’, the equations of the pair (Y, E) are given by substituting
z = zZ in the equations of (X, D):

Y = (y—2uz®* =0) C Ai)y)zu
E=(zuz=0)CY

We represent the pair (Y, F) with the generic tropical arrangement given in Fig. [[6 where we also
label the “axes” by their respective coordinate functions. Consider the family of pairs

fi(X,D) > M=Ay x Aj x A, XAP, X AX x (A>)?

ap,al,.. C0,C1,...

given by equations as follows:
(Ch) X = [xy = (uz + A+ p+ zA(z) + yB(y) + 2C(2) + uD1(u)) (z — Do(u))} CAyy.uXM
(C6) D= [uz+A+aA(@) +yBly) = 0| c X
where A(z) = Y72 a;z’, ete.
Claim C.13. Let II: Y — X be the blow-up of the divisor

Z=(x=z—Do(u)=0)C X
and & =T"YD). Then g = foll: (¥,€) — M is a flat morphism where
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Y

FIGURE 16. Tropical arrangement for the pair (Y, E) of Example

(i) The rational map (Y, E) --» (¥, ) is a morphism that identifies (Y, E) with the fibre g*(0);
(i1) With the identification in Part (i), g: (¥,€) — 0 € M is a miniversal family for the pair (Y, E);
(1ii) The Kodaira—Spencer map of the family is shown in Fig. [I7, where the picture represents a vector
in T%/)E =H° (A, v,v*(—Ky)), see Lemmal[34)

A +yB(y)
p+ 2C(2) p+ uD1 (u)
A
A+ uDg(u)
A+ zA(z)

FIGURE 17. Kodaira—Spencer map of the family of Equations and
(iv) Let II': Y — X be the blow-up of the divisor
7' = (y:z—DO(u)ZO) cX

and &' =T ~Y(D). Then g’ = foll': (V',&') — M is a miniversal family for the pair (Y', E")
given by the tropical arrangement in Fig.[18, also showing the Kodaira—Spencer map of the family.

The variety ) is given by the equation 2’z = 2/ (z — Do(u)) in X x PL,.,. We examine in turn the
two charts of the blow-up.

In the chart 2z’ # 0, setting = 2//2" and substituting = Z(z — Do(u)) in the equation for X we
obtain:

Ty=uz+ A+ p+zA(x) + yB(y) + 2C(2) + uD1(u)

with & given by A 4+ uz + 2 A(x) + yB(y) = 0. Now compare with Example

In the chart 2’ # 0, setting z = z’/2’ and substituting

z =zx + Do(u)

in the equation for X we obtain

y:Z[u(Ex—i—Do(u)) +)\+u+;vA(x)+---}
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A +yB(y)
1+ 2C(2) e+ uD1(u)
A+ zA(2)

FiGURE 18. Kodaira—Spencer map of the family of Claim [C.13]

where the important thing is that we can solve for y, that is, ) is nonsingular in this chart. The divisor
£ is given by:
u(zz + Do(u)) + A+ zA(z) + yB(y) =0
and then compare with Example [C.7l
(iv) is similar to (i)—(iii).

APPENDIX D. EQUIVARIANT GG-STRUCTURES ON VERSAL DEFORMATIONS AFTER RIM

Setup D.1. Fix an algebraically closed field k, and denote by % the category of fat points over k.
Consider a deformation category © fibered in groupoids over 8 with finite dimensional tangent space
T = |D(e)]. For example, we can take © to be the category of infinitesimal deformations of a proper
algebraic variety X:

D = Def(X)
or a variant thereof.

Denote by v: ©® — B the structure functor.

From now on we assume that for some d > 0 the d-dimensional torus T = G¢, acts on ©. Then T
acts on T and we fix a T-invariant subspace W C T'. Let 9B’ be the category whose objects are pairs
(S,7) of a fat point S over k and an embedding j: S < W, and let ®" = D|B’. The group T acts on
D’ and B’ and the functor v: ©" — B’ is G-equivariant.

Theorem D.2. Assume Setup[D1l There exists a formal object X €ob 1{)\’, equipped with a T-action,
and characterised by the following versal property.
For all objects € € ob®' equipped with a T-action such that the morphism & — (&) is T-equivariant,

~

there exists a (non-unique) T-equivariant morphism i: v(§) — v(X) in B’ and a fibre square in D’
3 X
() —=7(X)

where all morphisms are T-equivariant. O
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