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Chapter 1

Introduction

1.1 Main results

Consider a possibly singular complex projective variety Y of dimension 3.
The 3-fold Y is said to be Q-factorial if an integral multiple of every Weil
divisor on Y is a Cartier divisor. Q-factoriality is a subtle property, which
is not local in the analytic topology. For instance, an ordinary double point
is not locally analytically Q-factorial, yet a nodal quartic 3-fold Y2 € P* is
known to be Q-factorial if it has less than 8 ordinary double points. The
topology of a quartic 3-fold Y with isolated singularities is well understood
when Y is Q-factorial. In this case, the Grothendieck-Lefschetz theorem
states that every Weil (or Cartier) divisor on Y is the restriction of a Weil
(or Cartier) divisor defined on P*. However, if the 3-fold Y is not Q-factorial,
very little is known about its topology. In this thesis, I study the topology
of some mildly singular quartic 3-folds in P*.

Let Y = Y} C P* be a quartic 3-fold. I assume that Y has terminal
singularities. Notice in addition that Y is a locally complete intersection: it
is therefore Gorenstein. These assumptions ensure, on the one hand, that
the canonical class of YV is well defined as a Cartier divisor and, on the
other, that pull-backs of the canonical class of Y to any resolution are well
behaved. More precisely, let Y — Y be a resolution of singularities. If YV’
is Gorenstein, the canonical sheaf wy is locally free. Since k(Y) = k(Y),
a local generating section s of wy near a singular point can be regarded as
a rational differential on Y. If Y has terminal singularities, the section s
is regular as a rational differential on Y and vanishes along the exceptional
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locus of Y — Y. If Y has terminal Gorenstein singularities, Y is Q-factorial
if and only if it is factorial; that is, if its local rings are unique factorisation
domains. In the case of quartic 3-folds, this means that Y is Q-factorial if and
only if dim H*(Y,Z) = dim H,(Y,Z). The Grothendieck-Lefschetz theorem
on Picard groups states that PicY ~ PicP* ~ Z[Oy(1)]. Yet, no such result
holds for the group of Weil divisors Hy(Y,Z). Let o(Y) = by(Y) — b*(Y) =
by(Y') — 1 be the defect of Y. The defect of Y measures how far Y is from
being Q-factorial or, in other words, to what extent Poincaré duality fails on
Y.

Such quartic 3-folds are a special case of Fano 3-folds with terminal Goren-
stein singularities and Picard rank 1. A variety X is Fano if its anticanonical
sheaf wy' is ample. The defect of a Fano 3-fold Y with terminal Gorenstein
singularities can be defined as above. Q-factorial Fano 3-folds with termi-
nal singularities and Picard rank 1 play a crucial role in Mori theory: they
arise as one of the possible end products of the Minimal Model Program
for non-singular varieties. Moreover, it is known that terminal Gorenstein
Q-factorial Fano 3-folds are deformations of non-singular ones [Muk02]. Non-
singular Fano 3-folds of Picard rank 1 have been classified [Isk77, Isk78]. Yet,
very little is understood about the topology of non Q-factorial Fano 3-folds.

The defect of some very simple quartic 3-folds with isolated singularities
is already non-zero. For instance, if X is a sufficiently general quartic 3-
fold containing a plane, then it has 9 ordinary double points and is not
Q-factorial. Similarly, a general determinantal quartic 3-fold has 20 ordinary
double points and is not Q-factorial. Finally, consider the linear system > of
quartics spanned by the monomials {x§, z1, (z3z3 + x3)zo, 371, 2322} on P2
A general quartic X € ¥ is not QQ-factorial and yet it has a unique singular
point P = (0:0:0:0:1), which is a cA; point [Mel04].

The study of quartics with ordinary double points suggests that any
bound on the defect of terminal quartic 3-folds should be at least 15. In-
deed, a quartic 3-fold Y, C P* with no worse than ordinary double points is
known to have at most 45 nodes [Fri86, Var83]. Up to projective equivalence,
there is a unique quartic with 45 nodes: the Burkhardt quartic, given by the
equation

{xé - :Co(x:f + :U% + zz:g + xi) + 3zyz92374 = 0},

It is easy to show that the defect of the Burkhardt quartic is at least 15
(Chapter 2). It is a natural question to ask how many topological types of
quartic 3-folds with terminal Gorenstein singularities there are. I provide a
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partial answer to this question by bounding and studying the defect of such
quartic 3-folds.

The first main result of this work is a bound on the defect of terminal
quartic 3-folds.

Theorem 1.1.1 (Main Theorem 1). Let Y2 C P* be a quartic 3-fold with
terminal singularities. The defect of Y is at most:

1. 8 if Y does not contain a plane or a quadric,
2. 11 if Y contains a quadric but no plane,
3. 15 4f Y contains a plane.

As Example 5.2.7 shows, this bound is attained by the Burkhardt quartic,
a quartic with no worse than ordinary double points.

The second main result is a geometric “motivation” of the global topo-
logical property of Q-factoriality. If Y is not Q-factorial, by definition, Y
contains a special surface. More precisely, Y contains a Weil non Q-Cartier
divisor. I show that this special surface belongs to a finite list. In particular,
its degree is bounded.

Theorem 1.1.2 (Main Theorem 2). Let Y2 C P* be a terminal Gorenstein
quartic 3-fold. Then one of the following holds:

~

. Y is Q-factorial.
. Y contains a plane P2.
. Y contains an irreducible reduced quadric Q).

2
3
4. Y contains an anticanonically embedded del Pezzo surface of degree 4.
5. Y has a structure of Conic Bundle over P?, Fy or Fs.

6

.Y contains a rational scroll E — C' over a curve C' whose genus and
degree appear in the table on page 129.

Typical examples of non Q-factorial varieties are 3-folds that contain
planes or quadrics, which are not Cartier. I show that, in accordance with
geometric intuition, a quartic 3-fold has to contain a surface of low degree if
it is not Q-factorial.



4 CHAPTER 1. INTRODUCTION

1.2 Outline of the thesis

I have divided this thesis in six Chapters.

Chapter 2 reviews relevant material and results from Mixed Hodge The-
ory. The notion of defect of hypersurfaces was first introduced by Clemens
[Cle83] in an attempt, based on Deligne’s Mixed Hodge Theory [Del74], to
extend Griffiths’ results on the Hodge theory of hypersurfaces [Gri69] to
mildly singular varieties. The traditional approach to the determination of
the defect of hypersurfaces, or of Fano 3-folds, has focused on understanding
their mixed Hodge structures, as in [Dim90, NS95]. Such an approach heav-
ily relies on explicit computations of cohomology groups of specific varieties:
it is impractical to determine a sharp bound on the defect of quartic 3-folds
with terminal singularities.

In Chapter 3, I define the category of weak Fano 3-folds and I show that
the Minimal Model Program can be run in this category. For any Fano 3-fold
Y with terminal Gorenstein singularities, there is a small QQ-factorialisation
X — Y [Kaw88|. If Y does not contain a plane, X belongs to the category
of weak* Fano 3-folds. Bounding the defect of Y is equivalent to determining
the maximal number of divisorial contractions involved in a Minimal Model
Program on X.

In Chapter 4, I bound the defect of any terminal Gorenstein Fano 3-fold
that does not contain a plane. I show that if the anticanonical model Y of a
weak* Fano 3-fold X does not contain a quadric, this property is preserved
when running a Minimal Model Program on X. This enables me to improve
the bound on the defect when the 3-fold Y does not contain a quadric.

In Chapter 5, I study quartic 3-folds containing a plane. The 3-fold
obtained by blowing up Y along this plane has a natural structure of del
Pezzo fibration of degree 3. Using Corti’s results [Cor96] to relate the defect
of Y to the number of reducible fibres of this cubic fibration, I bound the
number of reducible fibres: this completes the proof of Theorem 1.1.1.

Chapter 6 recalls several results on the deformation theory of so-called
generalised Fano 3-folds. These results were mainly obtained by Namikawa,
Kollar and Mori [Nam97, KM92|. Namikawa defines generalised Fano 3-
folds and shows that any generalised Fano 3-fold is a one parameter flat
deformation of a non-singular one. Any small (partial) Q-factorialisation
of a terminal Gorenstein Fano 3-fold and terminal Gorenstein Fano 3-folds
themselves are generalised Fano 3-folds. Moreover, the degree and the Picard
rank are constant in this deformation. The key observation is that each step
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of the Minimal Model Program on weak Fano 3-folds may be deformed, in
a suitable sense, to an extremal contraction of a generalised Fano 3-fold of
Picard rank 2.

In Chapter 7, I extend several ideas expressed by Takeuchi in [Tak89].
Any divisorial contraction of the Minimal Model Program on a small Q-
factorialisation X of Y induces an extremal divisorial contraction on Z, a
Picard rank 2 partial Q-factorialisation of Y. I study extremal divisorial
contractions with Cartier exceptional divisor on partial Q-factorialisations
of terminal Gorenstein Fano 3-folds. Any such divisorial contraction can
then be deformed to a divisorial contraction on a non-singular generalised
Fano 3-fold of Picard rank 2. Following Takeuchi’s approach, I then write
systems of Diophantine equations associated to each extremal contraction of
the Minimal Model Program on X. These equations translate numerically the
properties of the extremal contraction. Such systems have very few solutions.
The explicit study of the system associated to the first divisorial contraction
on X yields a finite number of solutions. Each solution exhibits a possible
surface that has to be contained in the quartic 3-fold Y. This establishes
Theorem 1.1.2 and gives a geometric “motivation” of QQ-factoriality in the
case of quartic 3-folds.

Similar methods may be used to bound the defect of any terminal Goren-
stein Fano 3-fold with Picard rank 1 and degree greater than 4. I have
bounded the defect of the Fanos with Picard rank 1 that contain no plane.
An explicit study of terminal Gorenstein Fano 3-folds that contain a plane
is also possible.

Conjecture 1.2.1. 1. The defect of a non Q-factorial terminal Goren-
stein Yo 3 C P5 with Picard rank 1 is at most 8,

2. The defect of a non Q-factorial terminal Gorenstein Yaoo C P® with
Picard rank 1 is at most 8,

3. The defect of a Picard rank 1 non Q-factorial terminal Gorenstein Fano

3-fold of genus g > 6 is at most [&Q_g} + 5.

However, bounding the defect of the double cover of a sextic divisor in P3
is likely to be more complicated. The study of such double sextics, whether
they contain planes or surfaces whose normalisations are planes, would be
significantly more difficult than the quartic case. I conjecture that the defect
of a terminal Gorenstein double sextic with Picard rank 1 is at most 18.
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The methods I develop in this thesis can also be applied to terminal
Gorenstein Fano 3-folds of larger Picard rank.

It would be natural to consider wider classes of singularities such as cDV
singularities, canonical Gorenstein or even non-canonical singularities. It is
likely that the analysis required will be much finer. Throughout this work,
I made extensive use of the fact that crepant contractions are small and
assumed that the anticanonical class was Cartier. I do not believe that the
methods I have developped may be extended directly to these more general
settings.

It is known that non-singular quartics are non-rational, while the Burkhardt
quartic is rational. The defect could be used, in some cases, to determine
whether a quartic 3-fold Y2 C P? is rational or not. Non Q-factoriality
does not necessarily imply rationality. Indeed, a general quartic containing
a plane is non-rational. Yet, if Y does not contain a plane, the defect of Y
can only be high when the end product of the Minimal Model Program on
its Q-factorialisation is rational. This could provide a rationality criterion
for some values of the defect. Examples of rational non Q-factorial quar-
tics can be obtained by running a Minimal Model Program in reverse, using
Takeuchi’s numerical constraints.



Chapter 2

Mixed Hodge Theory

Clemens introduced the notion of defect of hypersurfaces [Cle83] in an at-
tempt to generalise Griffiths’ results [Gri69] on the Hodge theory of non-
singular hypersurfaces to hypersurfaces with ordinary double points.

I recall in this chapter his definition of the defect of hypersurfaces and
the subsequent generalisations of this notion to the framework of terminal
Gorenstein Fano 3-folds. The defect is expressed in terms of local cohomology
groups.

I show how the defect of a terminal Gorenstein Fano 3-fold Y is related
to the mixed Hodge structure on the cohomology H*(Y') and, in particular,
to the weight filtration. The defect depends not only on the Hodge filtration,
but also on the weight filtration: it is a global topological invariant. It cannot
be determined by local analytic methods.

2.1 The notion of defect of a Fano 3-fold

Let Y be a non Q-factorial Fano 3-fold with terminal Gorenstein singularities.
Kawamata shows [Kaw88] that a 3-fold Y with terminal singularities has
a (not necessarily unique) small projective Q-factorialisation. He proves:

Proposition 2.1.1 (Q-factorialisation). Let Y be an algebraic threefold with
only terminal singularities. Then, there is a birational morphism f: X — Y
such that X is terminal and Q-factorial, f is an isomorphism in codimension
1 and f is projective.

Let X be a small crepant projective Q-factorialisation of Y.

7



8 CHAPTER 2. MIXED HODGE THEORY

Definition 2.1.2. The defect of Y is

o(Y) = rk(Weil(Y)/ Pic(Y)) = dim Hy(Y) — dim H*(Y)
= dim Pic(X) — dim Pic(Y).

Remark 2.1.3. In the case of hypersurfaces in projective space with isolated
singularities, such as a quartic 3-fold Y} = {f = 0} C P* with isolated
singularities, it is known that the Euler characteristic depends only on the
degree and on local invariants related to the singularities. More precisely, the
Euler characteristic may in theory be computed once one understands the
semi-simple part of the monodromy operator, i.e. the spectrum of f in the
neighbourhood of the singularities. The defect, or rather b,(Y), is however a
more subtle invariant: it also depends on the position of the singularities.

Lemma 2.1.4. [NS95] Let Y be a terminal Gorenstein Fano 3-fold. Denote
by X the singular locus ¥ = Sing(Y') and by U its complement U =Y \ .
The defect of Y 1is

o(Y) = dime Coker[H*(U, C) — H&(Y, C)].

Proof. Denote by ¥ = {Py,---, P,} the singular set of Y. Consider the local
cohomology exact sequence of mixed Hodge structures:

HYU) — Hy(Y) — H'(Y) — H'U) — H(Y) (2.1)

Let {U;}1<i<n be mutually disjoint open neighbourhoods of the singular
points P;. By excision, HX(Y) = @HL(U;) = @H?Pi}(Y). In Section 2.3.3, 1
show that H?pi}(Y) = 0. Hence, o(Y) = by(Y') — bs(U).

By definition U is non-singular, hence H*(U, C) is dual to the cohomology
group with compact support H>(U). The group H2(U) is isomorphic to the
relative cohomology H?(Y,Y) ~ H?*(Y) because the singularities of Y are
isolated. O

The value of b, (Y) for a hypersurface Y of P" is known to be related to the
dimension of some linear systems of homogeneous polynomials that vanish
at the singular points of Y [Cle83]. Dimca makes these relations explicit
[Dim90] and shows that the defect depends on the mixed Hodge structure of
the local cohomology groups at the singular points.

I recall his results in the case of Y C P* a quartic 3-fold with isolated
singularities.



2.1. DEFECT OF A FANO 3-FOLD 9

Let ¥ = {Py,..., P,} be the singular set of Y and U = Y ~\ 3. Let i
(resp. j) be the inclusion Y — P* (resp. U — P*). The primitive part of
the cohomology of Y (resp. U) is H?,,(Y) = Coker[i*: H*(P*) — H*(Y)]

prim

(resp. Hp3,;,(U) = Coker(j%)). The natural inclusion k: U — Y induces a
morphism Kppim 0 H3y, (Y) — Hpy (U), and carries isomorphically the non-

primitive part of H*(Y’) into the non-primitive part of H*(U) except in the
top dimension.
The Poincaré residue map

R: HY((P*\ D)\ (Y N\ %)) = H (Y \ %)

defines a (—1,—1) isomorphism of Hodge structures from H*(P* \Y) =
HE(PANX) N (Y \ X)) to the primitive part of the cohomology of U = Y\ 3,
HY1(U). From the exact sequence

mU) L HAY) — HAYY)

and the Poincaré isomorphism R: H*(P* \ ) ~ HJ,
exact sequence:

(U), we deduce the

HP*\Y) S HA(Y) — H?

prim

(Y) =0, (2.2)

where 0 = 6 o R. The local cohomology Hs.(Y) has a natural mixed Hodge
structure inherited from that of the cohomology of the pair (Y,Y —X) (Sec-
tion 2.3). Let {U;}1<i<n, be mutually disjoint open neighbourhoods of the
singular points P;; by excision, H(Y) = @Hp,(U;) and H(V) is com-
putable.

Denote by F' the Hodge filtration. Recall that the Hodge filtration in the
case of hypersurfaces with terminal singularities coincides with the filtration
by the order of the pole on P* — Y [Gri69, DD90]. The polar filtration on
the De Rham complex A* = H(P* —Y,Qg,_,.) is given by:

F'A7 = {w € A7 | w has a pole along Y of order at most j — ¢},

for j—t > 0and F'A’ = 0 for j —t < 0. Recall Griffiths’ explicit description
of A*. Consider the differential 4-form Q € Qg,

Q=" (~Dwdug A~ Adr; A~ Adas.

0<i<4
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If Y is the hypersurface {f = 0} C P*, any element w € A? may be written

PQ
:7

where P is a homogeneous polynomial of degree 4t — 5. If f does not divide
P, the order of the pole of w along Y is precisely t.

Let t be the highest natural number such that F'HL(Y) = HE(Y) and
call 6¢ the linear map:

w

6" Sya—y—s — Hu(Y).

This map is, strictly speaking, a composition of the above § with the natural
map S4(4—t)—5 ~ FtA4 — FtH4(Y N 2)

Definition-Lemma 2.1.5. [Dim90] Let Y C P* be a quartic 3-fold. The
defect of YV is:
o(Y) = dim Hy,(Y) — Codim Ker §* = dim H?

prim

().

Remark 2.1.6. Note that if the quartic hypersurface Y C P* has no worse
than ordinary double points, the computations in Section 2.3.3 show that
t =2 and (2.2) gives a lower bound for the defect of Y [Dim92]:

oY) > N — bs(V)

= N — 30,

where N is the number of double points and V' is a non-singular quartic
hypersurface in P4

Proof. This expression agrees in the case of quartics with the expression
of the defect given in Lemma 2.1.4. Indeed, the map 6 factors through
H3(U,C). More precisely, Dimca shows [Dim90] that the map § factors as:

§: HY(P* < Y) & H3U) — HA(Y),

where the second map is the connecting morphism in the sequence of local
cohomology. O]

Remark 2.1.7. The defect of a quartic hypersurface with terminal singu-
larities is expressed in terms of residuation from A®* = H°(P* \ Y, Q°). This
extends Griffiths’ results on the Hodge theory of non-singular hypersurfaces.
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The equivalent definitions of the defect of a quartic hypersurface with
terminal singularities show that the only singularities affecting the defect of
a quartic 3-fold are essential singularities.

Definition 2.1.8. A singularity P; € Y is essential if the local cohomology
group H?Pi}(Y) is not trivial.

The local cohomology groups H fPZ_}(Y) associated to isolated singularities
are computed in Section 2.3.3.

Remark 2.1.9. [Dim90] Given a homogeneous polynomial h € Syu—_)—s,
6'(h) = 0 means that h satisfies certain linear conditions C at the essential
singular points. Denote by D the linear system in Sy4—)—5 defined by these
conditions. The defect of Y is the difference between the number of linear
conditions C and the codimension of D in Syu4—s—5. The defect does not
depend only on the linear system D, but also on the number of conditions C
used to define it. The conditions C are independent if and only if the defect
is zero.

The expression of the defect given in 2.1.5 allows direct computations of
the defect in some special cases, such as nodal hypersurfaces.

Lemma 2.1.10. [Dim90] Let Y C P* be a quartic 3-fold whose only essential
singularities are nodes. Then the defect of Y s given by:

o(Y) = h**(Hppp(Y)
= dim H(Y) — Codim{h € S3 = Syu_2)-5, h(P) =0 for any node of Y}

= t{nodes} — t{ conditions imposed on cubics by vanishing at the nodes of Y'}.

2.2 Mixed Hodge structure of H*(Y) and de-
fect

I have explained in Section 2.1 that the defect is related to the cohomology
groups H3(Y). T adapt ideas formulated by Namikawa and Steenbrink for
Calabi-Yau 3-folds [NS95] to give a geometric description of the mixed Hodge
structure on H3(Y).

The cohomology group H?(Y') is naturally endowed with a mixed Hodge
structure supported in weights 2 and 3. There are at least two interpretations
of this mixed Hodge structure.
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First, the weight 3 part of H3(Y) is isomorphic to the pure Hodge struc-
ture H3(Y) on a good resolution Y of Y.

The weight 2 part of H?(Y") is non-zero if there exists a non trivial relation
among the H2(E;) in H2(Y) (where E; denotes the exceptional divisor above
the singular point F;). This corresponds to the geometric intuition that
the defect of a 3-fold is not only related to the analytic local type of the
singularities, but also to their relative position.

Second, if there is a smoothing ) — A of Y, examining the relationship
between the mixed Hodge structure of Y and the Hodge structure of a fibre
Y, for t # 0 expresses the defect in terms of the vanishing cohomology. The
weight 3 part of H3(Y) is isomorphic to H3();), while its weight 2 part
depends on the cohomology of vanishing cycles.

2.2.1 Defect and cohomology of a good resolution of Y

Let Y be a terminal Gorenstein Fano 3-fold. Denote by ¥ = {P;,--- , P,}
its singular set. Let f: Y >Y bea good resolution of Y and £ = > F; be
the simple normal crossings exceptional divisor of f. For each 1, {Ef }; are
the irreducible components of F;.

Definition-Lemma 2.2.1. [NS95] Let Y; be a contractible Stein open neigh-
bourhood of P; and o®*(F;) = Weil(Y;)/ Pic(Y;). The analytic local defect at
P is:

o*(P;) = dim(H'(Y;, 03,)/ @D ZIE!]) = dim Hp,,, (V) = dim H{p,,, (V).

Proof. The expressions for H ?Pi}(Y) and pri}(Y) are determined in Sec-
tion 2.3.3. O

Remark 2.2.2. In particular, if P, is an ordinary double point, o*(F;) = 1.

Proposition 2.2.3. [NS95] Let Y be a terminal Gorenstein Fano 3-fold and
Y = {Py,--,P,} be the singular set of Y. The weight filtration on H3(Y)
has the following description:

Gry H}3(Y) = (0) for k+#2,3
dim WoHY(Y) = o™ (P,) — o(Y)
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Proof. As is explained in Section 2.3.1, the long exact sequence (2.4)
H'(Y,Q) — H'(Y,Q) ® H'(Z,Q) — HY(E,Q) — H"'(Y,Q) —

is compatible with the weight filtration. In particular, the following sequences
are exact:

0— GriVH3Y) - H3(Y
0— Gryy H*(Y) — H*(Y) — ©Gry H*(E;) — Gri H*(Y
0 — @&GrY H*(E;) — GrV H*(Y

(

)
)
)
0 — @Gry H*(E;) — Gr)l H*(Y)

llll

Section 2.3.2 shows that H?(E) = GrY H?*(E) is of pure weight 2. The
exact sequence of local cohomology groups associated to X is:

o HY) = H(U) S HY(Y) — HY(Y) — H(U) -

The sequence B
0— Hz(Y) — H*(E) —» HL(Y) — 0

is exact and compatible with the weight filtration (Section 2.3.3).
The local cohomology group HE(Y') is purely of weight 2, while H3(U) is
purely of weight 3. Moreover,

Im(a) = Im[H*(Y) — H*(U) — H{(Y)],

and WoH3(Y) = H(Y)/Im(a) = Coker[H*(Y) — HE(Y)]. The 3-fold
Y is a Fano 3-fold and has rational singularities. By Kawamata-Viehweg
vanishing (Theorem 3.1.5) and the Leray spectral sequence, H(Y, O;) = (0)
and H*(Y) = H'(Y, O )®C. The result then follows from the isomorphism:

Weil(Y)/ Pic(Y) ~ Im [H'(Y,0%) — D H'(Y;, 03,)/ @; Z[E]]].

This isomorphism is a direct application of the Kawamata-Viehweg vanishing
theorem and of the Leray spectral sequence on Y; [Kaw88, KM92]. O

Remark 2.2.4. Notice that this gives the following formula for the defect
of a terminal Gorenstein Fano 3-fold:

o(YV) =b3(Y) = bs(Y) + Y _ o™ (P,
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Example 2.2.5 (Case of a nodal 3-fold). Assume that the singularities of
Y are ordinary double points (nodes). Denote by p: Y — Y the blow up of

~

Y at the nodes P; and by v: Y — Y a small resolution of the nodes of Y.

1. The p-exceptional locus is a disjoint union of non-singular quadrics
Q; = P! x P. In that case, for each i, c®(P;) = 1. Hence, if the
defect is strictly less than the number of nodes, Wo H3(Y) # (0). The
sequence associated to the resolution Y — Y (Section 2.3.1,(2.4)) reads

- — HXY) — HY(E) = ®H?*(Q;) — WoH*(Y) — 0.

Hence, if W, H?(Y) # (0), there is a non trivial relation between the
Qs-s in H?(Y,C). In this case, the nodes fail to impose independent
linear relations on the vanishing of cubics (Lemma 2.1.10).

2. Note for future reference that the second Betti numbers of Y, Y and Y
satisfy the following relations:

o~ ~ o~

by(Y) =bo(Y) +0(Y) and b(Y)=by(Y)+ N,  (23)

where N is the number of nodes.

2.2.2 Defect and cohomology of a smoothing of Y

Clemens compared the cohomology of a nodal 3-fold Y to the cohomology of a
smoothing of Y [Cle83]. This lead him to introduce the notion of defect of Y
whereas the presence of nodes does not affect the second integral cohomology;,
the fourth homology is altered and Poincaré duality fails on Y. I recall how
the defect relates to the cohomology of a smoothing of Y.

Definition 2.2.6. Let Y be a terminal Gorenstein 3-fold. A smoothing of Y
is a proper flat map f: Y — A from an analytic space ) to a 1-dimensional
complex disc A such that f~1(0) = Y and f~!(¢) = )} is a non-singular
3-fold for all t € A ~ {0}.

In Chapter 6, I recall several results on the deformation theory of Fano
3-folds. In particular, Namikawa shows [Nam97| that if Y is a nodal Fano 3-
fold with Picard rank 1, there exists a smoothing f: Y — A of Y. The fibre
YV, is a non-singular Fano 3-fold for ¢t # 0. If Y is a terminal Gorenstein Fano
3-fold with Picard rank 1, there exists a 1-parameter proper flat deformation
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f+Y — A such that ), is non-singular for some ¢, € A and ) is a terminal
Gorenstein Fano 3-fold for all t € A. In such a deformation, the plurigenera
are constant. The relation between the cohomology groups of Y and those
of a fibre ), provides further information on the defect of Y.

Lemma 2.2.7. [Mil68, Ste77] Let Y be a normal projective 3-fold with ter-
minal Gorenstein singularities. Suppose that Y has a smoothing f: Y — A.
Then, PicY ~ Pic ).

Sketch Proof. Let {Py,--- , P,} be the singular set of Y and denote by (U;, P;)
a small Stein open neighbourhood of the singular point P;. Terminal Goren-
stein 3-fold singularities are isolated hypersurface singularities. Let f;: U; —
A be a 1-parameter flat deformation of (U;, p;). Let B; be a small ball of ;
with centre P; and radius € > 0. For 7 sufficiently small, all fibres (i4;), for
|t| < n intersect B; transversally and (U4;), N B; = B;, is diffeomorphic to the
Milnor fibre of P; for t # 0. If the singularity at P; is given in local analytic
coordinates by { f(z,v, z,t) = 0}, for f a polynomial with an isolated critical
point at the origin, the Milnor fibre is {f(z,y, z,t) = 1}. The Milnor fibre
is homotopic to a bouquet of 3-spheres [Mil68]; its cohomology is supported
in degrees 0 and 3. There is a homeomorphorphism between U; \ {P;} and
(U;): ~ By, hence the exact sequence of relative cohomology shows that for
[t| < n:

H'(U;,Z) ~ H'((U;), Z)  for i # 3,4,
0 — H*(U;) — H*((Us)e) — H*(Byy) — H'(U;) — HY((Us)¢) — 0.

There is a homeomorphism between Y\ { P, , P,} and Vi \ @, <;<,, B,
so that for || sufficiently small:

HYY,Z)~ H(Y,,Z) fori# 3,4,
0— H(Y) = H' W) — €D H*(Biy) — H(Y) — H'Y,) — 0.

1<i<n

Lemma 2.2.8. If Y — A is a smoothing of Y, the defect of Y satisfies:

o(Y) =b3(Y) = bs(Vh) + > h*(Biy).
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Proof. The sequence of mixed Hodge structures
0— HYY) = H'(Y) = @ H*(B;) — H'(Y) — H'(Y)) — 0
is exact. It follows that

bs(Y) + Y B} (Biy) — bs(V) = ba(Y) — ba(D).

By Poincaré duality on the non-singular 3-fold Yy, by();) = b2()). As the
Picard rank is constant in the smoothing, b3();) = bo(Y) and the result
follows. [
Remark 2.2.9. Notice that h*(B;;) = dim H?Pi}
Remark 2.2.10. For an ordinary double point, B;; is, by construction, a
3-sphere {z? + y* + 22 + t* = |t|}, so that h3(B;;) = 1. In particular, if Y’
is a quartic with no worse than ordinary double points and if there exists a
smoothing of Y, the following holds:

(¥).

o(Y) =bs(Y) + N — 60,

where N is the number of nodes. Indeed, the degree of a Fano 3-fold is
constant in a flat family, and the third Betti number of a non-singular quartic
3-fold is 60.

Remark 2.2.11. As the third Betti numbers of non-singular Fano 3-folds
with Picard rank 1 are known [IP99], Lemma 2.2.8 provides a bound on the
number of essential singular points, once a bound on the defect of terminal
Gorenstein Fano 3-folds is known.

Remark 2.2.12. This analysis could be carried out in the more general case
of terminal or canonical singularities. However, in such cases, one would have
to study the complex of vanishing cohomology (or vanishing cycles). This
complex is not, in general, supported in degrees 0 and 3.

I have presented several definitions and formulae related to the defect
of Gorenstein Fano 3-folds, based on their Mixed Hodge Theory. Lengthy
computations are necessary in order to explicitly determine the defect of a
particular terminal Gorenstein quartic or Fano 3-fold. These expressions rely
on the analytic local type of the singularities and are too unwieldy to yield
a bound on the defect of terminal quartic 3-folds.
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2.3 Mixed Hodge structures on H*(Y) and
H3(Y)

In the previous sections, I used several results on the Mixed Hodge Theory of
various cohomology groups associated to a Gorenstein terminal Fano 3-fold
Y. In this Section, I indicate how these results are obtained. I do not provide
complete proofs, but give an overview of the relevant aspects of the theory.

Let X be a complex algebraic variety. Deligne endows the cohomology
groups H*(X,Z) with a functorial mixed Hodge structure [Del74]. His for-
malism extends the Hodge theory of non-singular projective complex vari-
eties.

Let X be a complex algebraic variety. Hironaka’s resolution theorem
states that there exists a resolution of singularities f: X — X. The map f
is proper and birational and X is non-singular. The exceptional divisor of f
has simple normal crossings. Deligne introduces the method of simplicial co-
homological descent, which uses resolution of singularities to define a mixed
Hodge structure on the cohomology of X. Whereas earlier applications of res-
olution theorems had implications on the hypercohomology of complexes of
sheaves, cohomological descent yields results at the level of these complexes.

I use the techniques of cubic hyper-resolutions, developed in [GNAPGP88]
to determine the mixed Hodge structure on a terminal Gorenstein Fano 3-fold
Y.

2.3.1 Mixed Hodge structure on H*(Y)

Let Y be a terminal Gorenstein Fano 3-fold and let ¥ = {P,..., P,} be the
singular set of Y.

There is a good resolution f: Y =Y of Y. The morphism f is proper
and birational, and its exceptional set is a divisor F = ) E; with simple
normal crossings. As above, E; denotes f~*(P;) and { E’}, are the irreducible
components of ;.

The diagram

L

%Y
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induces the long exact sequence in cohomology:

= H'(Y,Q) — H'(Y,Q) & H'(X,Q) — H'(E,Q) — H"(Y,Q) — -+
(2.4)
This long exact sequence is compatible with the Hodge and weight filtrations.
The above diagram is said to be of cohomological descent. It induces a
resolution of the complex Qy

0 — Qy — Rf.Qy ® Ri.Qs; — R(f1).Qy 5, — 0.

In the present case, this resolution reads :

0 — Qy — RAEQy P 0Qqry — R(f1).Qx 5, — 0.

The cohomology groups appearing in (2.4) satisfy the following set of proper-
ties. These properties follow either from definitions or from standard results
in Mixed Hodge Theory [Del74, GNAPGPS88] because Y is non-singular and
projective and Y is projective with isolated singularities.

1. H(2,Q) =0 for [ # 0 and H°(Z,Q) = ®&Qqp;.

2. For all [, Hl(?, Q) is a pure Hodge structure of weight .
3. Forall j > 1, Gr)Y H'(Y,Q) = 0.

4. For all I, H(E,Q) = ®HYE;, Q).

Proposition 2.2.3 relates the defect of Y to the weight filtration H3(Y).
The cohomology of Y has a pure Hodge structure, hence (2.4) shows that
understanding the weight filtration on the cohomology of F suffices to deter-

mine the defect of Y.
In the next subsection, I recall how the weight filtration on H*(E) is
obtained.

2.3.2 Mixed Hodge structure on H*(E,C)

By definition, the irreducible components Ef of F; are non-singular and
intersect tranversally.

The mixed Hodge structure of H*(FE;) is determined by a Mayer-Vietoris
cubic hyper-resolution. From now onwards, I drop the index ¢ and write E
for F;.



2.3. MIXED HODGE STRUCTURES 19

Let £7,1 < j < r be the irreducible components of E. For any p < r, let
_1 denote the disjoint union of all p-fold intersections of components of E.

Ep_l = H1§j0<...<jp§T(Ej0 n---N EjT).

E

p

The projective varieties E,_; and the maps
di: Ep — Ep,1
for k=1,---,pinduced by the inclusions
Ehn...NnE»™ - E'"Nn..NE, NE;, N..NEw»,

Jk—1 Jk+1

and the natural augmentation maps a,: E, — E define a strict simplicial
variety E,, that is a simplicial resolution of £ [GNAPGPSS|.

The Mayer-Vietoris hyper-resolution of F is fairly simple. Very few terms
are non-zero as F is a simple normal crossings divisor in a 3-fold. In particu-
lar, the p-fold intersections of components of £ are empty for p > 3, so that
E, is non-empty only for 0 < p < 2.

Each E, is non-singular and projective, hence there exists a cohomological
Hodge complex ((Qg,, W), (Qg,, F,W)) on E,. These Hodge complexes yield
a cohomological mixed Hodge complex K = ((Kq, W), (K¢, W, F')) on E and,
in particular, the following resolution of Qg:

0 — Qr — Qg — 01.Qp, — a2.Qp, — 0.

I omit results related to the Hodge filtration. The weight spectral sequence
reads:

WwEVY = HY(E,,C).
The spectral sequence (,E,,d,) abuts to HPYY(E). It degenerates at ,,Fs
and d7 is induced by S P_1 (—=1)7**(d2~")* [GNAPGPSS]. In particular,

Gr)VHPM(Y) = B3 = H(,E} ™" — ,EPT — EPTH).

In the present case, E, = ) for p > 2, E, has dimension 2, E; has dimension
1 and Es is a set of points. The only non-zero terms in the spectral sequence
associated to the weight filtration are , By for 0 < ¢ < 4, ,E}" for 0 < r < 2
and , E2°.

The definition of the map di : H*(FEy) — H*(E;) implies that H*(FE) is
of pure weight 2.

I give the result of the computation of H*(E), which is used in the next
subsection:

HY(E,C) = Gr)' H'(E) = &C[E].
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2.3.3 Mixed Hodge structure on the local cohomology
H3 (X, C)
I use the same notation as above. The cohomology of the pair H*(Y,Y \ %),

and therefore the local cohomology He(Y'), carries a mixed Hodge structure.
These mixed Hodge structures are independent of the choice of resolution
[Ste83].

I recall some results on local cohomology groups associated to isolated
singularities.

Theorem 2.3.1 (Goresky-MacPherson vanishing). [Ste83] Let Y; be a con-
tractible Stein neighbourhood of the isolated singular point P; and Y; a good
resolution with exceptional divisor E;. The restriction map

HY(Y,,Q) — H*(Y: \ E,,Q) ~ H*(Y; \ {F},Q)
is surjective for k < 2 and the zero map for k > 3.
Proposition 2.3.2 (Fujiki duality). [Fuj80] There is a duality isomorphism:
H,(X) =~ Hom(H*™*(E), Q(-3)), (2.5)

where Q(—3) is the mized Hodge structure on C with rational lattice m(@
purely of weight (3,3).

Proposition 2.3.3. [Ste83] The local cohomology groups pri}(Y;) fit in the
following exact sequences:

0— Hé(ﬁ) — HY(E)) — Hf;i(Y;) —0 for k<3 (2.6)
0— H}.(Y;) — HYE;) — 0 (2.7)
0 — Hfpy (Vi) — HE (Y:) — HYE;) =0 for k>3 (2.8)

Remark 2.3.4. The exact sequences in Proposition 2.3.3 are obtained by
applying Goresky-MacPherson vanishing to the local cohomology exact se-
quence associated to Hp, (Y;), noting that as Y; is contractible, H*(Y;) =
HE(E).

Remark 2.3.5. Fujiki shows [Fuj80] that the maps ay: Hf, (Y;) — H*(E;)
satisfy ap ="' ag_p, under the duality (2.5). In particular, this shows that for
k < 3, the exact sequences:

0 — HE (V) — HNE) — HF}(Y) — 0
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and

0= HEZh(¥) — HE (V) — HHE) =0

are dual. The local cohomology groups H f;,r i(Yl) and H{6P’§(Yi) are dual to
each other.

Lemma 2.3.6. The local cohomology of Y at P; is:
H&ﬂY%sz for k#1,3,4,6
H{Q’Pi}(y) Hipy (V) E)/ Y _ClE]]

Proof. First, notice that, by excision, pri}(Y;) = pri}(Y). The local coho-
mology exact sequence shows that H? (py(Y:) = (0). As Remark 2.3.5 shows,
the result need only be checked for £ =1, 2. B

The result is clear for k = 1 by the exact sequence (2.6), because Hy, (Y;)
is dual to H(E;) = (0).

For k = 2, as the singularities are assumed to be rational H'(Y;, Oy) =

(0) and HY(E;) ~ HY(Y;) = (0), the result follows from the exact sequence
(2.6).

The exact sequence (2.6) gives:
0 — H2,(V)) — HA(EY) — Hipy(Y) — 0.

The H*(E;) were determined in Section 2.3.2 and, by Fujiki duality, Hz, ()
is dual to H*(E;), so that:

Hipy(Y) E)/ EcClE).
The singularity P; € Y is rational and Y; is a contractible neighbourhood:
H'(Y;, 0%) = H*(Y;,.Z) = H*(Y,, Z) = H*(E;, Z).
The local cohomology of Y at P; is of the form:

H}y (V) = H'Y(Y;,03)/ @ CE.
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Chapter 3

The category of weak* Fano
3-folds

Let Y be a terminal Gorentein non Q-factorial Fano 3-fold and denote by X
a small Q-factorialisation of Y. The Picard rank of X is equal to the rank
of the Weil group of Y. If Y has Picard rank 1 and defect 1, the Picard
rank of X is 2. Omne of three things occurs: either X has a structure of
del Pezzo fibration over P!, or of conic bundle over P?, or there exists an
extremal contraction ¢: X — X', where X’ is a QQ-factorial terminal Fano
3-fold with Picard rank 1. As X has isolated hypersurface singularities, a
direct geometric analysis of the contraction ¢ is possible (Theorem 3.2.1) and
this describes the Weil non-Q-Cartier divisors that can lie on Y.

One could hope to bound the defect and to obtain some information on
the Weil group of Y by running a Minimal Model Program (MMP) on X.
The category of terminal Q-factorial 3-folds is stable under the operations of
the MMP. In general, however, this approach is too naive: if ¢: X — X’ is an
extremal contraction, X’ does not necessarily have hypersurface singularities
and nef anticanonical divisor. I show that if Y does not contain a plane, the
MMP can be run on X, and that the 3-folds encountered when doing so are
terminal Gorenstein and have nef and big anticanonical divisor.

In this chapter, I define the category of weakx Fano 3-folds. If X is
a weakx Fano 3-fold, its anticanonical model Y is a terminal Gorenstein
Fano 3-fold that does not contain a plane. The 3-fold Y is in general not Q-
factorial. Conversely, any small Q-factorialisation X of a terminal Gorenstein
Fano 3 fold Y whose anticanonical ring is generated in degree 1 is a weaks
Fano unless Y contains a plane.

23
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This chapter shows that the category of weak* Fano 3-folds is stable under
the operations of the MMP. If X is a weakx Fano, the end product of the
MMP on X is described.

3.1 Definitions and basic results

Definition 3.1.1. A 3-fold X is weak Fano if X is Gorenstein, terminal and
if its anticanonical divisor —Kx is nef and big.

The anticanonical ring of X is R(X, —Kx) = @,y H*(X, —nKx).

The anticanonical model of X is Y = Proj R(X, —Kx).
Definition 3.1.2. X is weakx if moreover:

1. X is Q-factorial,

2. the morphism X — Y is small,

3. Y contains no plane P? with — Ky |p2 = Op2(1),

4. the anticanonical ring R = R(X, —K) is generated by R;.

Remark 3.1.3. The category of weak* Fano 3-folds is stable under flops.

Definition-Lemma 3.1.4. If X is a weak Fano 3-fold, then:

1 f
(X, —mKx) =2m+ 1+ Em(m +1)(2m + 1) (= Kx)*.

Denote by g = 3(—Kx)? + 1 the genus of X; in particular:
h(X,—Kx) =g+2.
I recall here the statement of the Kawamata-Viehweg vanishing theorem.

Theorem 3.1.5 (Kawamata-Viehweg vanishing,[KM98]). Let (X, A) be a
proper Kawamata log terminal (klt) pair. Let N be a Q-Cartier Weil divisor
on X such that N = M + A, where M is a nef and big Q-Cartier Q-divisor.
Then H(X,Ox(—N)) = (0) fori < dim X.
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Proof of 3.1.4. The Kawamata-Viehweg vanishing theorem applied to the
pair (X,0) and to the divisor —(m + 1)K x shows that:

H'(X,0x((m+1)Kx))= (0)
for © < 3 and m > 0. By Serre duality, this implies
H(X,0x(—mKx)) = (0)
for y > 0 and m > 0 and
x(Ox(—mKx)) = h°(X, —mKx).
The Riemann-Roch theorem for Gorenstein 3-folds [Rei87] reads:

Ox(—mEx)) = (14 2m)x(Ox) + 1—12m(m F1)@2m 4 D) (=K ).

]

Lemma 3.1.6 (Cone theorem for weak Fano 3-folds). If X is a weak Fano
3-fold then NE(X) is a finite rational polyhedron (in particular NE(X) =
NE(X)). If R C NE(X) is an extremal ray, then either Kx - R < 0, or
Kx - R =0 and there exists an effective divisor D such that D-R < 0. There
1s a contraction morphism ¢r associated to each extremal ray R. If ¢r s
small, it is a flopping contraction.

Proof. The 3-fold X has terminal singularities. By the standard cone theo-
rem [KMMS87, Theorem 4-2-1]:

NE(X) = NE(X)kys0+ Y Cj

where the extremal rays C; are discrete in the half space { Ky < 0} and can
be contracted. Since —K is nef, for any z € N'(X), Kx -z > 0 if and only
if Kx-z=10. The anticanonical divisor — K x is big: for some integer m > 0,
m(—Kx) ~ A+ D, where A is an ample divisor and D is effective. By the
Nakai-Moishezon criterion for ampleness, if Kx -z = 0 then D -z < 0. In
particular, for 0 < e < 1,

W(X) C KX<O U (KX + ED)<0.

By the usual compactness argument, NE(X) is a finitely generated rational
polyhedron. Extremal rays can be contracted by the contraction theorem
[KMMS87, Theorem 3-2-1]. Finally, if ¢ is small, R flips or flops. A flip-
ping curve v on a terminal 3-fold X satisfies —Kx -y < 1 [Ben85]. The
anticanonical divisor is Cartier and nef: ¢g is a flopping contraction. ]
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Theorem 3.1.7. If X is a weak Fano 3-fold then one of the following holds:
1. The linear system | — Kx| has a non-singular section.

2. The anticanonical model of X, Y = Proj R(X,—Kx), is birational to
a special complete intersection Xo C P(1%,2,3) with a node. More
precisely, Y is defined by equations of the form.:

GQZO
w? + v +vay+ag =0

where the coordinates x; have degree 1, v and w have degree 2 and 3
respectively, and where each a; is a homogeneous form of degree j in
the variables x;.

Remark 3.1.8. If X is a weakx Fano 3-fold, the linear system | — Kx| is
basepoint free. The anticanonical divisor of X is nef and big, hence by the
basepoint free theorem [KM98, Theorem 3.3], the linear system | — nKx|
has no basepoint for n sufficiently large. If the anticanonical ring of X is
generated in degree 1, the map

HY(X,—Kx)®" — H°(X, —nKx)
is surjective for any n € N. The linear system | — K x| is itself basepoint free.

I first prove the following lemma:

Lemma 3.1.9. Let X be a weak Fano 3-fold. The general member S of
| — Kx| is a K3 surface with no worse than Du Val singularities.

Definition 3.1.10. Let X be a weak Fano 3-fold. The Fano index of X,
i(X), is the maximal integer such that —Kx = i(X)H with H a nef and big
Cartier divisor.

Remark 3.1.11. The Fano index of a weak Fano 3-fold X with small an-
ticanonical map is the same as that of its anticanonical model Y. Indeed,
the anticanonical map f: X — Y is birational and small. As the divisor
— K x is relatively trivial, by the basepoint free/contraction theorem [Kaw88,
Corollary 1.5], —Kx = f*D, with D ample. The map f is crepant, so that
D = — Ky and the Fano indices of Y and X are equal.
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For a weak Fano 3-fold X, by Kawamata-Viehweg vanishing and the
Riemann-Roch theorem:

+ = ! —H*(1+i(X))(2+i(X)) > 2.

(X, H) = 1+Z,(X> 5

Lemma 3.1.12. Pic(X) has no torsion.

Proof. Let D be a torsion divisor on X. By definition, there exists a smallest
integer m > 1 such that mD ~ 0. The divisor —Kx + D is nef and big and
therefore, by Kawamata-Viehweg vanishing,

H(X,D) = H(X,Kx + (—Kx + D)) = (0) for i>0.

Moreover, H°(X, D) = (0), as otherwise D itself would be linearly equivalent
to 0. The divisor D has Euler characteristic x(Ox (D)) = (0).
As D is numerically trivial, by the Riemann-Roch theorem,

X(Ox(D)) = x(Ox).
This contradicts x(Ox) = h°(X,Ox) = 1 on a weak Fano 3-fold. O

Remark 3.1.13. The divisor class H of Definition 3.1.10 is uniquely deter-
mined.

Definition 3.1.14. Let X be a weak* Fano 3-fold of Fano index i(X). The
degree of X is H3. The anticanonical degree of X is —K%.

I use Kawamata’s basepoint free technique to show that | — Kx| has a
section with canonical singularities. I recall the notion and properties of
non-Kawamata log-terminal (non-klt) centres introduced in [Kaw97a].

Definition 3.1.15. Let X be a normal variety and let D = > d;D; be an
effective Q-divisor such that Ky + D is Q-Cartier.

1. The non-klt locus of (X, D) is the set of points where (X, D) is not klt,
that is:
nklt(X, D) = {x € X : (X, D) is not klt at x}.

2. If the pair (X, D) is log canonical (Ic), a subvariety W C X is a log
canonical centre or lc centre for the pair (X D) if there is a log resolu-

tion p: X — X anda prime divisor F on X with discrepancy coefficient
e = —1 such that u(E) = W.
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Remark 3.1.16. Let (X, D) be a pair and p: X — X a log resolution.
Denote by Fy,--- , E,, the prime divisors with discrepancy less than or equal
to —1. The non-klt locus of (X, D) is:

nklt(X, D) = p(Ey + - -+ Ey).

Remark 3.1.17. Let (X, D) be a lc pair. A divisor W is a codimension 1
lc centre if D = W + D', where the support of D’ does not contain W.

Proposition 3.1.18. [Kaw97a] Let X be a kit variety and (X, D) a lc pair.

1. Let Wy and Wy be lc centres of (X, D). If W is an irreducible com-
ponent of W1 N Wy, then W is a lc centre as well. In particular, if
x € nklt(X, D), there is a well defined minimal lc centre containing x.

2. If W is a minimal lc centre, then it is normal.

Proposition 3.1.19 (Subadjunction,[Kaw97b, Kol07]). Let X be a normal
variety with klt singularities and let D be an effective Q-Cartier divisor such
that the pair (X, D) is log canonical. Let W C nklt(X, D) be an isolated
manimal lc centre. There is an effective Q-divisor Dy on W such that:

1. The pair (W, Dyw) is klt,
2. (Kx + D)w ~qg Kw + Dw.

The choice of the divisor Dy is not canonical: Dy is the sum of a boundary
divisor By and of a general divisor My, in a nef Q-linear equivalence class
J(W, D). Write D = D'+ D", where D' (resp. D") is the sum of components
of D that contain (resp. do not contain) W. The boundary part By is
uniquely determined and is supported on D"{,V The moduli part J(W, D) is
determined only by the pair (X, D’); the choice of My € J(W, D) is not

canonical.

Proof of 3.1.9. 1 follow ideas exposed in [Rei83, Ale91, Mel99]. As is recalled
in Definition-Lemma 3.1.4, h%(X, —Kx) = g + 2, where g denotes the genus
of X. Let S be a general member of the linear system | — Kx|.

Step 1. The surface S is connected.
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The sequence
0 — H°(X,0x(—=5)) = H°(X,Ox) — H°(S,05) — H'(X,0x(=S5)) — -

is exact. The surface S is linearly equivalent to —Kx. Kawamata-Viehweg
vanishing shows that:

H(X,0x) ~ H(S,Og)

and S is connected.

Set up 3.1.20. The anticanonical divisor —Kx is Cartier and nef and big
and X has terminal singularities, hence by [KM98, Proposition 2.61], there
is a resolution p: X — X and a divisor with normal crossings Y E; such
that:

1. Ky = p*(Kx)+ Y a;E;, with a; € N and a; > 0 if and only if E; is
exceptional;

2. w(—Kx) — S piE; is an ample Q-Cartier divisor on X, for suitable
pi€Q0<p <1

A small perturbation of the rational numbers p; does not affect the ampleness
of W*(=Kx) — > piE;. We can blow up further to obtain a new resolution
T8 X > X , that still satisfies the conditions above, and that is a log resolu-
tion of the linear system | — Kx|. Then:

w (| — Kx|) = |L] + ZriEia (3.1)

where |L]| is a free linear system, r; € N and r; > 0 if u(E;) is in the base
locus of | — Kx|. The divisor > E; has simple normal crossings.

Note that p determines a log resolution of the general member S of |- Kx/:
the divisor p*(S) + Exc(p) has simple normal crossing support. Indeed, if
the divisor ) E; has simple normal crossings on the non-singular variety X
and if L is a general section of the free linear system |L|, then L+ > E; has
simple normal crossings as well. Then:

where L is a member of the free linear system |L|. Reid proves that the free
linear system |L| is not composed with a pencil [Rei83].
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Step 2. The surface S is irreducible, reduced and has no worse than du Val
singularities if no component of the non-kit locus of (X,S) is contained in
the base locus of | — Kx]|.

If the free linear system |L| is not composed with a pencil, by Bertini’s
theorem, its general member is reduced and irreducible; the surface S is
irreducible and reduced if the linear system | — Kx| has no base component.
Recall that a base component of | — Kx| is the image by p of a divisor E;
with a; = 0 and r; > 1.

The surface S has canonical singularities if the discrepancy of every ex-
ceptional divisor appearing in a resolution of S is non-negative. The restric-
tion of p to p;'(S) = L is a resolution of S. By Bertini, S is non-singular
away from the base locus of | — Kx|, so that S has canonical singularities if
a; —r; > 0 (that is: a; —r; > —1, as a; and r; are natural numbers) for every
exceptional divisor with centre contained in the base locus of | — Kx|.

In the formalism introduced above, the surface S is reduced, irreducible
and has no worse than canonical singularities, if no component of the non-klt
locus of (X, 5) is contained in the base locus of | — Kx].

Remark 3.1.21. The rational numbers a; are non-negative because X is
terminal. If W; = p(FE;) is a lc centre, the coefficient r; is positive and W; is
contained in the base locus of | — Kx|.

Step 3. Assume that the pair (X, S) is not purely log terminal. For some
0 <b< 1, the pair (X,bS) is log canonical but not klt.

The pair (X, .S) is not log terminal, therefore there exists an index iy = 0
such that ag — ro < —1, that is ag + 1 < ry. Define:

CLZ'+1

1

} <1, (3.3)

b = min{

where the minimum is taken over the indices 7 such that r; is non-zero. The
rational number b is positive because a; > 0 for all i. The pair (X,bS)
is strictly log canonical, as the prime divisors FE; for the indices where the
minimum is attained have discrepancy —1.

Step 4. There is a divisor D € | — Kx| and a rational number k € Q, such
that the non-klt locus of (X,b(1—¢€)S+€ekD) is irreducible for all 0 < € << 1.
The lc centre W = nklt(X, b(1—¢€)S+€kD) is a minimal lc centre for (X, D).
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Let E; for 0 <7 < d be the prime divisors such that:
nklt(X, bS) = u(Eo) U - - U p(Ea),
so that:
Kg=p*(Kx +08)=bL+ Y (a;—br)E;i — Y E (3.4)
i>d+1 0<i<d

with a; —br; > —1 for all ¢« > d + 1.
As a slight increase of the p; does not affect the ampleness of the Q-Cartier
divisor p*(—Kx) — >_ piF;, we may assume that the minimum

is attained only for one index iy = 0.
Let D be an element of the linear system | — K x| such that p*(D)—>_ p; E;
is an ample divisor; from (3.4), we get, for 0 < ¢ << 1:

Kg = p*(Kx +b(1 - €)S + ekD) — b(1 — €)L — ek(p*(D) — Y _ piEy)
i>d+1 1<i<d

By construction, for all 1 <7 < d and all € > 0,
—1+e(br; — kp;) > —1.

For e sufficiently small, a; — br; + €(br; — kp;) > —1 for i > d + 1 and
ek(pux(—Kx) — > p;E;) is a boundary divisor.

From now on, I include L and a Cartier multiple of the ample divisor
px(—Kx) — > piE; among the divisors E;. Denote by b; . the discrepancy
coefficient of F; and set:

E=FEy, F= Y —biE, andA= Y bE;.

i#£0,b;.. <0 bi,e>0

The divisor A is effective and exceptional, since b; > 0 for 0 < € << 1 is
only possible for a; > 0, i.e. for E; exceptional. The divisor F' is a boundary,
and (3.5) reads:

Kg=p (Ky+b(1—¢)S+ekD)+A—F—E. (3.6)
The non-klt locus of (X, b(1 —€)S + €k D) is the irreducible component p(E).



32 CHAPTER 3. WEAKx FANO 3-FOLDS

Step 5. If W is the unique lc centre for (X,b(1 —¢€)S +¢€kD), then W is not
contained in Bs| — Kx]|.

Consider the divisor:
N(t)=p" (-tKx) — (Kg+F)+ A-E. (3.7)
From equation (3.6) we see that:
N(t) = p"(—tKx) — u"(Kx +b(1 — €)S + €kD)

and N (t) is numerically equivalent to p*( — (t+1—b+e(b—k))Kx); N(t)
is nef and big for t +1—b+€e(b—k) > 0.
By the Kawamata-Viehweg vanishing theorem,

HYX,N(t)+ K5+ F) = (0)

for t +1—b+¢€(b— k) > 0. The constant b is less than or equal to 1; for
t = 1 and e sufficiently small,

Hl(XaM*(_KX) +A— E) =0,
and the map
HO(X, p*(—Kx) + A) = H(B, (1" (= Kx) + A) )

is surjective. B

By the Leray spectral sequence, H*(X, u*(—Kx) + A) ~ H*(X,—Kx),
and any section of H°(X, u*(—Kx) 4+ A) that does not vanish on E pushes
forward to a section of H°(X,—Kx) not vanishing identically on W; if
HY(E, (u*(—Kx)+ A)|g) is non-trivial, W is not contained in the base locus
of | — K)(|

The following cases need to be considered:

1. If Codim(W) = 3, W is a closed point {x}. Then:
HY(X, 1" (—Kx) + A) = H(E, (1" (= Kx) + A) ) = H*(E, Ajg) — 0,

and the Leray spectral sequence shows that h%(X, A) = h°(X, Ox) = 1.
The divisor Ag is effective, therefore h°(E, Ajg) = 1. Hence, {z} does
not belong to the base locus of | — Kx|.
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2. If Codim(W) =2, W is a curve I'. By Propositions 3.1.18 and 3.1.19,

I is non-singular and there is an effective divisor Mp on I' such that:
(KX + b(l - G)S + Ek‘D)|F = (1 - b)KX = KF + MF.

The divisor Kx has non-positive degree on I and Kx +b(1—€)S+ekD
is numerically equivalent to (1 —b—e(k —b))Kx, hence, as 0 < e << 1
can be taken arbitrarily small, I' has arithmetic genus p,(I") = 0 or 1.
A flopping curve on X is rational [Kol89]: if I is elliptic, (—Kx)r has
positive degree. In both cases, h°(T', —=Kxr) > 0 and

HO(E, (1" (= Kx)+A)p) D H'(E, (1" (= Kx))p) = H'(T, = Kxr) # (0)

shows that I' is not contained in Bs| — Kx|.

. If Codim(W) =1, f.(E) = W is a base component of the linear system

| — Kx|.

Denote by P(t) the polynomial of degree 2 defined as the Euler char-
acteristic x((tp*(—Kx) + A)|g) of the linear system [tu*(—Kx) + Al
on the divisor E.

By definition of the divisor N (t) (3.7),
(tw' (—Kx)+A)g=(Nt)+ Kg+ E+ F)g.

The divisor E is Cartier, hence (K ¢+ E)|g = Kg; the support of FUE
has simple normal crossings because u is a log resolution, the divisor
F|; therefore is a boundary divisor and P(t) = h°((tp*(—Kx) + A) )
by the Kawamata-Viehweg vanishing for ¢ +1—b+¢e(b— k) > 0. Recall
that W = u(Ep) is a minimal lc centre of codimension 1 of the pair
(X,0S), hence W is a fixed component of | — Kx|. From (3.3), the
multiplicity of the fixed component W in | — Kx| is %

Ifb=1,7ro =1 and W is a fixed component of | — K x| with multiplicity
1. Since the divisor —Kx is connected and movable, S € | — Kx| is
singular along a codimension 2 set [' C W. This contradicts W being
a minimal lc centre of (X, .5).

The multiplicity 7y of the fixed component W is therefore strictly
greater than 1 and b < 1. For e sufficiently small, 1 — b+ e(b — k) > 0
and P(t) = h%((tu*(—Kx) + A)) for all t > 0.
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The divisor W is a base component of the linear system | — Kx]|,
therefore P(1) = h°(E, (p*(—Kx) + A)jg) = hO(W,—-Kx) = 0. As
hO(X,A) = h°(X,0x) =1 and A is effective, P(0) = 1. The leading

*(__ 2
coefficient of P(t) is (G I;X))‘E) = (_K’Q‘E)ZW and P(t) can be written:

P(t) = %((—KX)2 WP+ (—(—Kx)? - W —=2) -t +2).

By Riemann-Roch, however,

P() = 5 (0 (—Kox) + A)e) - (01" (~Kx) + A)pe — Kip) 41
= S (Kx) + A — K (1" (~Kx) + A)p)) + 1.

The leading coefficients in both expressions agree, equating the coeffi-
cients of the terms of degree 1 in t shows that:

—(—Kx)? W —2=(Ap - %KE)M*(_KX)E' (3.8)

The anticanonical divisor —Kx is nef and big, so that the expression
on the left hand side is strictly negative. The divisor F is Cartier,
therefore, by adjunction:

Kg = (K)}—I—E)m = (;L*(—Kx—Fb(l—E)S—l-EkD)—i-A—F)‘E
~ (ﬂ*(—(l —b+€(b—]€)>Kx) —I—A—F)

|E
where A is an effective exceptional divisor and F' is effective and sup-
ported on Uj<i<qF;.

The left hand side of (3.8) becomes (up to a factor of 2):

(At - i (~ Ko + 57 (—(1 = b e(b— B) Ky 17 (— K )
~(A+F)p ' (=Kx)p+ (1 —b+elb— k) (0 (—Kx)p)*.

The divisor (A + F)|g is effective and the first term is non-negative
because the divisor u*(—Kx) g is nef. Recall that € has be chosen so
that (1 —b+€(b—k)) > 0.

The left hand side of (3.8) is positive; this yields a contradiction. The
linear system | — K| has no base component.
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I have shown that the linear system | — K x| has no base component. The
free linear system |L| is not composed with a pencil [Rei83] and hence, by
Bertini, the general member S € | — Kx| is irreducible and reduced. For
all indices 7 of exceptional divisors E; whose centre is contained in the base
locus of | — Kx|, a; —r; > 0. The surface S is irreducible, reduced and has
canonical singularities.

Step 6. The general member S € | — Kx| is a K3 surface with rational
double points.

I first recall the definition of K3 surfaces:

Definition 3.1.22. A K3 surface is a surface S with no worse than Du Val
singularities such that:

L. Hl(Sa OS) = (O)a
2. The canonical divisor class Kg is trivial.

Consider the long exact sequence in cohomology associated to
0— Ox(=5) — Ox — Og — 0. (3.9)
By Kawamata-Viehweg vanishing,
HY(X,0x) = H*(X,0x(=5)) = (0),

and H'(S,0g) = (0). By adjunction, Kg = (Kx + S);s ~ 0 and S is a K3
surface with rational double points. O

Tensor the exact sequence (3.9) with Ox(—Kx). The surface S is a
section of | — Kx|. By the Kawamata-Viehweg vanishing theorem, the map

H°(X,—Kx) — H°(S, —Kx|s)

is surjective. It follows that the base points of | — K x| are precisely the base
points of |~ Kx gl.

I study the linear system |—Kxg| on the surface S to complete the proof
of Theorem 3.1.7. Linear systems on non-singular K3 surfaces were studied
by Saint-Donat [SD74]. I recall his — now classical — results below.

Theorem 3.1.23. [SD74] Let X be a non-singular K3 surface and D a nef
and big effective divisor on X. One of the following is true:
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1. The linear system |D| is basepoint free, and:

a) Either: the morphism ¢ p induced by |D| on X is birational on its
e D]
image X, X has rational double points, and ¢ p| is the minimal
resolution.

(b) Or: D is hyperelliptic and ¢p| is generically 2-to-1.

2. D is monogonal, that is D ~ kE + T, with |E| a free elliptic pencil
and I' a (—2)-curve, which is the fized component of |D|. In that case,
2—_2Tr.E=1.

I prove the following easy extension of Saint-Donat’s result to linear sys-
tems on K3 surfaces with rational double points:

Theorem 3.1.24. Let S be a K3 surface with rational double points and let
D be a nef and big Cartier divisor on S. Then one of the following holds:

1. |D] is basepoint free.
2. D is monogonal. In that case:
D~EKEE+T,

where |E| is a free elliptic pencil, E-T' =1 and T" is a (—2)-curve
contained in the non-singular locus of S,

3. S is birational to a (special) complete intersection Xo6 C P(13,2,3)
with an ordinary double point given by:

a9 = 0
2+ y3 +yay +ag =0
where a; is a homogeneous form of degree i in the coordinates x1, Ts, 3.

Proof. Let f: T — S be the minimal resolution of S. The surface T is a
non-singular K3 surface. Indeed, the exceptional locus of f consists of a set
of (=2)-curves G;. By adjunction, Kr-G; = 0. Moreover, K may be written
as

Kpr = f"(Kg)+ Z%Gi = Z%’Gi,
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with a; > 0. The matrix (G; - G;) is negative definite, hence a; = 0 for all ¢
and Kr is trivial.

The singularities of S are rational and, in particular, R'f,Or = 0. By
the Leray spectral sequence, H'(S, Og) = HY(T,O7) = (0).

Consider the complete linear system |D'| = f*|D| = f*|-Kxg| on T.
The divisor D’ is nef and big: the results of [SD74] show that |D’| is basepoint
free or D’ is monogonal.

In the first case, Bs|D’| = Bs|D| = 0.

Now assume that D' = kE + I, the base locus of |D’| is a (—2)-curve I'
and |E| is a free elliptic pencil.

Let G be an exceptional irreducible curve of the resolution f. Then,

G-D=0=kG-E+G-T
and FE is nef. There are two possible configurations:

1. Either G is disjoint from both £ and I', and Bs|—Kxs| = f.(I') is a
(—2)-curve contained in the non-singular locus of S, so we are in the
second case of the theorem.

2. Or G =T and, as —kE -G = k = G?, this implies k = 2. Thus,
D' ~ 2E + T, and the base locus Bs|—-Kx|s| = {p} is an ordinary
double point on the surface S.

Assume that G = I'. By the observation above, any section C' of the
linear system |—Kxg| is of the form C' = E; + E, with Ey - By = 1. The
intersection of Fy and Es is a reduced point {p}.

I determine explicitly the graded ring

R(S, —Kxs) = @ HO(S, —nKx|s)

neN

and show that the linear system | — nKx | defines a birational morphism
from S to Proj R(S, —Kxs).

Let C be a section of the linear system |—Kx|g| on the K3 surface S. By
Kawamata-Viehweg vanishing on .S, the long exact sequence in cohomology
associated to

0 — Os((n — 1)(=Kxs)) = Os(n(—Kxs)) = Oc(—nKxs) = 0
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shows that
R(C,—Kxs) = R(S, —Kx\s)/sR(S, —Kxs),

where s is a section of D = —Kx/g. The exact sequence on S
0 — Op,uE, — Og, ® Op, — Opng, — 0
gives rise to the long exact sequence in cohomology:
.. — HY(C,0¢(nD)) — H'(Ey,Og,(nD)) ® H(Ey, Og,(nD)) — ...
— H'(C,0py(nD)) — H(C,0c(nD)) — ...
By Kawamata-Viehweg vanishing, H'(C, O¢(nD)) = (0), and therefore:
0 — H°(C,0Oc¢(nD)) — ...
.. — H°(C,0p,(nD)) ® H°(C,Og,(nD)) = H°(C, O, (nD)) — 0,

in particular:
R(C, D) = (R(Ey, D) ® R(Ey, D))/(aR(p, D)).
By the above,
HO(C> OEz (nD>> = HO(Ei7 OEz<nD)) = HO(Ei7 OEz<np>>

and the map « is a relation of degree 2.
Applying Riemann-Roch’s theorem to the linear system |np| on the non-
singular elliptic curve E; yields:

R(Ei7p> = R(Elv D\Ei) = C[xivva w]/(¢),

where z;, v, w have degrees 1, 2 and 3 respectively and ¢ is a relation of degree
6. Finally, the map « is a relation of degree 2 of the form {by(z1,z5) = 0},
where by is a homogeneous map of degree 2. This determines R(C, D) and
R(S, D).

Hence Proj R(S, Djg) is a special complete intersection

Xos CP(1,1,1,2,3) = P(xq, 22, x3, v, W)

with an ordinary double point.

The map S — Proj R(S, Ds) is birational, induced by |2Dg| because
R(S,D)s) is generated in degrees less or equal to 2. The proof of Theo-
rem 3.1.24 is complete. O
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Remark 3.1.25. In the third case of Theorem 3.1.24, the map induced by
| — Kx| is generically 2-to-1. The map

S — {a2($1,$271}3) = O} C ]P)Q C P(l, 1, ]_, 2,3)
1s 2-to-1.

End of proof of 3.1.7. By 3.1.9, the general section S of | — Kx| is a K3
surface with rational double points. Consider the long exact sequence in
cohomology associated to:

0 — Ox(—nKx — 5) = Ox(—nKx) — Os(—nKxs) — 0. (3.10)

By Kawamata-Viehweg vanishing, since —nKx — S ~ —(n — 1)Ky with
—Kx nef and big, H'(X,Ox(—nKx — S)) = (0) for n > 0. In particular,
H°(X,—Kx) — H°(S,—Kx|g) is surjective and Bs| — Kx| = Bs| — Kx|g/.
By Bertini’s theorem, a general member S can only have singularities at base
points of | — Kx].

According to 3.1.23, one of the following holds:

1. | = Kx| is basepoint free,

2. Bs| — Kx| =T, where I' is a (—2)-curve contained in the non singular
locus of X, or

3. Bs| — Kx| = {p} an ordinary double point.

In the first case, | — Kx| has a non-singular member. As is noted in Re-
mark 3.1.8, if X is a weak* Fano 3-fold, this is the only possible case.

In the second case, let S € | — Kx| be a general K3 section. Theo-
rem 3.1.24 shows that S is non-singular along Bs| — Kx|, hence (by Bertini)
it is non-singular everywhere.

In the third case, the anticanonical map is a birational map (determined
by | — 2Kx|) to Proj R(X,—Kx). The exact sequence (3.10) implies the
“hyperplane section principle”:

R(S, —Kxs) ~ R(X, —Kx)/(sR(X, —Kx)),

where s is a variable of degree 1. The anticanonical model of X is therefore
birational to a special Xy C P(1%,2,3) with a node, given by equations of
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the following form (the variables z; have degree 1, v and w have degrees 2
and 3 respectively):
[ 0
22+ Y3 +yay +ag =0

where each a; is a homogeneous form of degree j in the variables x;, ¢ =
0,-- 4.

To conclude the proof of Theorem 3.1.7, notice that, as is mentioned in
Remark 3.1.8, if X is weaksx, the linear system | — Kx| is basepoint free. [

Remark 3.1.26. Weak Fano 3-folds such that Bs| — Kx| ~ P! is a (—2)-
curve are called monogonal. One can show that the only occurences are:

1. X =P'x S, where S is the weighted hypersurface Sg C P(1,1,2,3); X
has Picard rank 10,

2. X = Blp V, the blow up of V, the weighted hypersurface Vs C P(12,2, 3)
along the plane Il = {zq = 21 = 0}; X has Picard rank 2.

If X is monogonal, the linear system | — K x| determines a rational map from
X to a surface.

3.2 Minimal Model Program for weak* Fano
3-folds

In [Cut88|, Cutkosky studies the contractions of extremal rays on projective
3-folds with normal Gorenstein Q-factorial terminal singularities. He proves
the following results:

Theorem 3.2.1 (Birational operations of the minimal model program). Let
f: X — Y be the birational contraction of an extremal ray. Assume that f
s not an 1somorphism in codimension 1. ThenY s factorial and:

E1: Suppose that f: X — 'Y contracts a surface E to a curve I'. Then'Y 1is
non-singular near I'; T is locally a complete intersection and has planar
singularities: in the local ring Oy, of any point p € I', one of the local
equations of I' is a smooth hypersurface near p. The contraction f is the
blow up of the ideal sheaf Ir. The 3-fold X has only cA, singularities
on E.
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Suppose that f: X — Y contracts a surface E to a point p. Then f is one
of the following:

E2: The 3-fold Y is non-singular, E ~ P? and Og(E) ~ Op2(—1): f is the
inverse of the blow up of a non-singular 3-fold at a point.

E3: The local ring of Y at p is of the form Oy, = klz,y,z,w]/(2* + y* +
22 +w?), E~P' x P! and Op(E) = O(—1,-1): f is the inverse of
the blow up of an ordinary double point.

E4: The local ring of Y at p is of the form Oy, = klz,y, z, w]/ (x> +y*+ 2>+
w™), withn > 3 and E ~ Q, an irreducible reduced singular quadric
surface in P2, with normal bundle Og(E) ~ Op ® Ops(—1): f is the
inverse of the blow up of a cA,_1 singular point.

E5: The local ring of Y at p is of the form Oy, = k[[z,y, z]]®, the ring of
invariants for the Zy-action. E ~P? with Op(E) ~ Op2(—2): f is the
inverse of the blow up of a non Gorenstein point of index 2.

Theorem 3.2.2 (Conic bundles). Suppose that f: X — 'Y is the contraction
of an extremal ray to a surface Y. Then'Y is non-singular and X is a possibly
singular conic bundle overY .

I want to determine whether I can run a Minimal Model Program in the
categories of 3-folds I have introduced in Section 3.1. The category of weak
Fano 3-folds is not suitable, since a birational contraction of type E5 would
take us out of the category. I prove that the category of weak+ Fano 3-folds,
by contrast, is stable under the operations of the Minimal Model Program.

Theorem 3.2.3. The category of weakx Fano 3-folds is stable under the
birational operations of the Minimal Model Program.

Proof. Let X be a weaks Fano 3-fold and let ¢ : X — X’ be a divisorial
contraction. By Theorem 3.2.1, the variety X' is Q-factorial and has terminal
singularities.

Step 1. The extremal contraction ¢ is not of type E5.

By the description of extremal contractions given in Theorem 3.2.1, if
¢ is of type E5, X contains a Cartier divisor £ ~ P? with normal bundle
Og(E) ~ Op2(—2). By adjunction, the restriction of the anticanonical divisor
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to E'is —Kxp» = Op2(3 —2) = Opz2(1). The rational map ®| g, coincides
with a projection from a possibly empty linear subspace

v: P(H(E, Op(1))) = P? - - = P(H(E,| — Kx||g)

associated to the inclusion | — Kx|jg C |Op2(1)|. By Theorem 3.1.7, the
linear system | — Kx| g is basepoint free, so that ®|_ky|p i a morphism,
and | — Kx|jg = |Op2(1)|. The anticanonical model Y contains a plane P?
with — Ky p2 = Op2(1): this contradicts X being weakx.

Step 2. The anticanonical divisor —Kx: is nef and big.

I first establish the following lemma:

Lemma 3.2.4. Let X be a weak Fano 3-fold and let ¢: X — X' be a divi-
sorial extremal contraction. Then:

1. The anticanonical divisor —K x: is big.
2. One of the following holds:

(a) The anticanonical divisor —Kx: is nef,

(b) The contraction ¢ is of type E1; its exceptional divisor E is iso-
morphic to Fy. The negative section o of E s contracted by the
anticanonical map, i.e. —Kx -0 =0.

Proof of 3.2.4. The morphism ¢ is an extremal divisorial contraction and
_KX = Qb*(—KX/) —aF (311)

where F is the effective prime exceptional divisor of ¢ and a is a positive
natural number. More precisely, a = 2 when ¢ is of type E2 and 1 otherwise
(recall that ¢ is not of type E5).

In particular, the anticanonical rings of X and X' satisfy

R(X,—Kx) C R(X',—Kx),

so that the anticanonical model of X’ has dimension at least 3: — K is big.
Assume first that ¢ contracts a divisor F to a point. Let Z’ be an effective
irreducible curve lying on X’. Denote by Z = ¢, (Z’) the proper transform
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of Z'. The curve Z is effective and irreducible and it either instersects F
properly or not at all. In particular, by the projection formula:

Ky Z'=¢"(—Kx/) - Z=—-Kx-Z+aE-Z>—-Kx-Z >0.

The anticanonical divisor — K yx/ is nef.
Assume now that ¢ contracts a divisor F to I', an irreducible reduced
curve. The anticanonical divisors of X and X’ satisfy:

¢ (—Kx/) = —Kx + E.

Let Z' be an irreducible effective curve lying on X’ and denote by Z any
effective irreducible curve on X that maps 1-to-1 to Z’. There are two cases
to consider: either Z’ and I' intersect in a O-dimensional (or empty) set or
7' =T.

If Z" and T intersect in a 0-dimensional or empty set, £ - Z > 0 and by
the projection formula:

—KX/Z/:—KXZ—FCLEZZ—KXZEO
If Z/ =T, by contrast,
—Kx - I'=-Kx-Z+FE-Z

As above —Kx - Z > 0 but F - Z can be negative and — Ky can fail to be
nef.

If —Kyx is not nef, —Ejg is ample. The divisor F is Cartier and, by
adjunction,

—Kp=(—Kx - E)g
is ample as the sum of a nef and an ample divisor. The surface E is a possibly
nonnormal del Pezzo surface.
Claim 3.2.5. The surface E and the curve I' are normal.

Theorem 3.2.1 states that the curve I' has planar singularities and that at
any point P € T', one of the local equations of I" is a smooth hypersurface near
P. Locally, the equation of I' is of the form {z = f(y,2)}. Near a singular
point P € I', the blow up of I (and hence FE) is given by the equation:

{tox —t1f(y,z) =0} C Py, x C°.
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Writing down the equations of F on the affine pieces of the blow up shows
that E is a P'-bundle over T.

Consider the normalisation maps [V — I' and E¥ — E. The surface
E" has a structure of P'-bundle over I' which makes the following diagram
commutative:

Ev _n. E .
1.
v _n . T
Denote by A (resp. 0) the divisor of E¥ (resp. I'V) defined by the conductor
ideal of the normalisation map [Rei94], so that

n*(KF) - KFU + (5

where A = ¢”*(¢) is an effective sum of fibres of E¥ — I'V. The Weil divisor A
is defined scheme theoretically by the conductor ideal Za gv, i.e. the inverse
image by n of the ideal Ann(n.(Ogv)/Og). As a set, A is the codimension
1 double locus of n.

The anticanonical divisor —Kpgv is ample. Indeed, n*(—Kpg) is ample as
the pullback of an ample divisor by a finite morphism and A is nef as an
effective sum of fibres of the P'-bundle E” over a non-singular curve I'V. The
surface EV is a normal del Pezzo and has a structure of P'-bundle over a
non-singular curve I'V. According to the classification of normal del Pezzo
surfaces, EY is isomorphic to F?.

Let o be a negative section of E”. Since n*(—Kg) is ample,

(—Kpgr —A)-c=1-A-0>0.
Consequently, A is empty and F is normal. Moreover, by adjunction:
—Kg-0=(—-Kx—E)g-0=1
and as —E|g is ample and — K is nef, ~Fjg-o0=1and —Kx -0 =0. [

Claim 3.2.6. The anticanonical divisor —Kx: is nef and big: X' is a weak
Fano 3-fold.

Lemma 3.2.4 shows that — Ky is always big and that it fails to be nef
only if ¢ is an E1 contraction and if the exceptional divisor E is a rational
scroll 'y with negative section o such that —Kx - o = 0.
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I show that this case does not occur when X is a weak* Fano 3-fold.

The computations in the proof of Lemma 3.2.4 show that | — Kx|g is
contained in the linear system |0 + f| on the scroll F; = E (the linear
system that contracts the negative section). Following the usual notation
conventions, I denote by ¢ the negative section on the scroll, by f a fibre and
the intersection numbers are 02> = —1, of = 1 and f? = 0.

By Theorem 3.1.7, the anticanonical linear system is basepoint free. The
basepoint free linear system | — Kx| |z determines a morphism onto a surface
E. More precisely, the morphism @ _ Kx|ip has a factorisation vo®,, ¢ where
v is the projection from a (possibly empty) linear subspace

P(H(E,|o + f])) ~ P? - - = P(H"(E, | - Kx|i& )

associated to the inclusion |— Kx||z C |0+ f|. The surface E is the projection
of P = @, 4(E) from a possibly empty linear subspace: it is equal to
P2 This shows that | — Kx|g is the complete linear system |0 + f|. The
anticanonical model Y then contains a plane P? = F, which is the image of
the scroll £ = FF; by the anticanonical map. Moreover, —Kypz = Op2(1)
and this contradicts X being weakx.

Step 3. The anticanonical map X' — Y’ contracts finitely many curves.

Let Z' be an irreducible effective curve of X’ that is contracted by the an-
ticanonical map of X’. Denote by E the exceptional divisor of the contraction
¢ and recall that

¢*<_KX’) = _KX + aF

for some positive integer a. Either Z’ meets the centre of the contraction
¢(F) in a 0-dimensional or empty set or ¢ is an E1 contraction with centre
Z'. It Z' meets ¢(F) in a 0-dimensional or empty set, denote by Z its proper
transform. Then, by the projection formula, —Ky: - Z’ = 0 if and only if
E-Z =0and —Kx-Z = 0, that is if Z is itself contracted by the anticanonical
map of X and does not meet the centre of the contraction ¢. The 3-fold X is
weaks: there are finitely many such curves. The anticanonical map X’ — Y’
is small.

Step 4. The anticanonical ring R(X', —Kx) is generated in degree 1.
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The proof of Theorem 3.1.7 shows that the anticanonical ring R(X', —Kx/)
of X" is generated in degree 1 if and only if the rational map ®_g | deter-
mined by | — Kx-| is birational onto its image. More precisely, it shows that
if ®|_f,| is not birational onto its image, either ®|_x | is generically 2-to-1
and Y is birational to a special complete intersection X, C P(1%,2,3) with
a node, or ®|_g | maps X' to a surface (X’ is then monogonal).

Recall that

F(—Kx) = —Kx +aF,

for some positive integer a, and hence:
0— H'(X,-Kx) — H(X,¢"(-Kx/)) ~ H'(X', - Kx).

The linear system | — Kx| is naturally a subsystem of |¢p*(—K)|. This
embedding defines a natural projection from a linear subspace:

v: P(HY(X, ¢"(=Kx))) - = = P((H°(X, = Kx)))-

The rational map ®|_g | determined by | — Kx| is birational onto its image
because X is a weak+ Fano 3-fold. The rational map ®_g, | factorises as
v o ®4(_x,,), hence the dimension of ®_g,(X) is less than or equal to
that of @4+ (_x ) (X) = ®|_k,,|(X'), and X" is not monogonal. The map
®|_f| cannot be birational onto its image if ®_g | is generically 2-to-1.
Hence, the map ®|_f | is birational onto its image.

The anticanonical ring of X’ is generated in degree 1. This implies that
| — K x| is basepoint free (Remark 3.1.8).

Step 5. The anticanonical model Y' of X' does not contain a plane P? with
—Ky/|[p>2 = O[pﬂ(]_)

Denote by g (resp. ¢') the anticanonical map of X (resp. X’). Assume
that X’ contains a surface S that is mapped by ¢’ to a plane P? with —Kyp2 =
Opz2(1). The linear system | — Kx/| is basepoint free and determines the
anticanonical map of X', therefore, as above, | — Kx/|js = [(¢')*Op2(1)|.

Denote by S the proper transform of S. The linear system
| = Kxljg=1¢"(—Kx) —aEl 5

is a subsystem of |¢"(=Kx/)[5z = [(¢' © ¢)"Op2(1)| ;5. The linear system
| — Kx|z is strictly contained in |¢*(—Kx')| g if the surface S intersects the
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centre of the contraction ¢. By assumption on X, | — K X]‘ g is basepoint free

and determines a morphism ®|_ Kx|3 from S to a surface. This morphism

factorises as q)|*KX||§ =vo q)|(g’o¢)*(9p2(1) where v is the projection from a

‘|§
possibly empty linear subspace

P(H(S, (¢ 0 )" Op(1) 5)) = P>~ - = P(H(S,| — Kx|3))

associated to the inclusion | — Kx[g C |(¢' © ¢)"Op2(1)| 5. The image of S

by ®|_ky| s is therefore v(P?) = y((I)Kglod))*Ow(l)Mg(S)). The linear system

| — Kx| g determines a morphism onto a surface: v is the identity, | — Kx|z
is complete and equal to |Opz2(1)|. This contradicts X being a weak* Fano
3-fold. ]

The Minimal Model Program can therefore be run in the category of
weak* Fano 3-folds.

Lemma 3.2.7. If X = Xy is a weakx Fano 3-fold whose anticanonical
divisor Yy has Picard rank 1, there is a sequence of extremal contractions:

o1 ¢)2 Pn

O S AL
YE) Yi Yn—l Yn

where for each i, X; is a weakx Fano 3-fold, Y; is its anticanonical model,
and ¢; is a birational contraction of an extremal ray. Moreover, for each i,
the Picard rank of Y;, p(Yi) is equal to 1. The 3-fold X,, either has Picard
rank 1 or is an extremal Mori fibre space.

Proof. Assume that p(X;) > 1. By Lemma 3.1.6, there is an extremal ray
R on X; and R can be contracted. If the contraction associated to R is not
birational, X; = X, is an extremal Mori fibre space and there is nothing to
prove.

If the extremal contraction

¢i1 X — Xi+1

is birational, Theorem 3.2.3 shows that X;.; is a weak* Fano 3-fold. I prove
that the anticanonical model Y;,; of X;,; has Picard rank 1.
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If ¢; is a flopping contraction, there is nothing to prove as Y; = Y.
Let us assume that ¢; is a divisorial contraction of type E1-E4. Recall that
the proof of Theorem 3.2.3 shows that extremal contractions of weak* Fano
3-folds are not of type E5.

Let E be the exceptional divisor of the contraction ¢; and let f; be the
anticanonical map of Xj.

Step 1. The image of E by the anticanonical map E = f;(E) is a Weil non
Q-Cartier divisor.

The divisor E is covered by Kx,-negative rational curves I' that have
ﬂrictly negative intersection with £, E-I" < 0. If the divisor E is Cartier,
FE is covered by curves I' = (f;).(I") and by the projection formula:

E-T=E-(f).() = (f)"(E)-T <0.

The 3-fold Y; has Picard rank 1: E is not Q-Cartier because it is not ample.

Denote by Z; = Proj (P, 5 fi.Ox;(nE) a small partial Q-factorialisation
of Y;; Z; is the symbolic blow up of Y; along the Weil non Q-Cartier divisor
fi(E).

EcCX, LXz‘H

g

E c Z;

|

EcCY;

In the above diagram, h; o g; = fi, E = f#(E). By construction, the divisor
E’ is Cartier on Z;.

Step 2. The 3-fold Z; has Picard rank 2. There is an extremal contraction
on Z; that contracts E'.

The 3-fold Z; is the crepant blow up of Y; along a single Weil non Q-
Cartier divisor E: p(Z;/Y;) = 1. The (Q-Cartier) divisor E’ is covered by
curves I such that E' - IV < 0 and —K, - I > 0. Indeed, the map g;
is small and F = g/ (E'),—Kx, = g/ (—Kgz). The divisor E is covered by
curves I" such that £-I' < 0 and —K¥x, - I' < 0; by the projection formula,
so is E'. The cone N E(Z;) is 2-dimensional and rational polyhedral; by the
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contraction theorem [KMMS87, Theorem 3-2-1], there exists an extremal ray
R on which E’ is negative and this extremal ray may be contracted.

Denote by 1); the contraction of the extremal face E'; v; fits in the fol-
lowing diagram:

ECX, L)Xﬂrl

|

E' C Z; SN Ziy1
hil
Y;
and p(Zi/Zi1) = p(Xi/Xiz1) = 1.
Step 3. There is a small map g;v1: X1 — Ziyv1 such that ¥;0g; = gi110¢;.

Consider the projective and surjective morphism
Yiogi: Xi = Zina

and run a relative Minimal Model Program on X; over Z;,;. The divisor
E € NE(X;/Zi;1) is covered by curves I' € Ny(X;/Z;,1) with E-T' < 0 and
—Kx, -T' > 0, because F is covered by such curves I' € N;(X;) and these
are contracted by v; o g; by definition of ;. The contraction theorem shows
that the contraction ¢;: X; — X;;1 of the extremal face E factorises v; o g;
and makes the diagram

ECX, LXi—H

Gi l lgﬂrl

bi
B C Zz — ZiJrl

y

Y;

commutative.
The map g;11 is crepant because p(X;/X;11) = p(Zi/Zi+1) and g; maps
the exceptional divisor of ¢; to that of ;.

Step 4. The anticanonical model of Z;.1 is Yiy1. The Picard rank of Yiy1 is
1.
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Since Kx,,, = gl’-*H(KZiH), X;11 and Z; 1 have the same anticanonical
model. The Picard rank of Z;,; is p(Z;) — 1 = 1 because E is Q-Cartier,
hence the anticanonical model of Z;,; has Picard rank 1. O

I now study strict Mori fibrations. Let ¢, be an extremal contraction
that is a strict Mori fibration, i.e. a del Pezzo fibration over a curve I' or a
conic bundle over a surface S.

If ¢,11 is a del Pezzo fibration over a curve ', I' has arithmetic genus
0 by the Leray spectral sequence because h'(X,,, Ox,) = 0. The curve T is
isomorphic to P!,

Lemma 3.2.8. If ¢: X — P! is a weakx Fano 3-fold that is an extremal del
Pezzo fibration of degree k, k is not equal to 1 or 2.

Proof. A general fibre F' of ¢ is a non-singular del Pezzo surface of degree k.
As —Kx|r = —Kp, the linear system | — Kx||p is naturally a subsystem of
| = Kp|. Theorem 3.1.7 shows that | — K x| is basepoint free, hence the degree
k cannot be equal to 1 as the anticanonical linear system of a non-singular
del Pezzo surface of degree 1 has base points.

Since X is a weakx Fano, the anticanonical map is birational, contracts
finitely many curves, and is determined by the linear system | — Kx|. The
restriction of the anticanonical map to F' factorises as ®|_ Kx|jp =V© D _kpls
where v is the projection from a possibly empty linear subspace

v: P(HY(F,—Kp)) - - =P(H(F,—Kxr))

naturally associated to the inclusion of linear systems | — Kx|r C | — Kp|.
This is impossible if k = 2, as ®|_g,| is generically 2-to-1. O]

Assume that ¢, is a conic bundle, then Cutkosky shows (Theorem 3.2.2)
that the surface S is non-singular.

Definition 3.2.9. A conic bundle ¢: X — S is a weak Fano conic bundle if
X is a weak Fano 3-fold and p(X/S) = 1.

Lemma 3.2.10. If ¢: X — S is a weak Fano conic bundle, —Kg is nef.

Proof. By definition of the discriminant curve A of a conic bundle,

—AKg = ¢ (—Kx)> + A
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Assume that —Kg is not nef and let C' C S be an irreducible curve such
that —Ks - C < 0. The curve C' is necessarily contained in A, as ¢,(—Kx)?
is nef and C? < C - A < 0. By adjunction:

—2<2p,(C)=2< (Kg+CO)-C
<(Kg+A)-C<(-3Kg — ¢.(—Kx)?*)-C < —3Kg-C.

This is impossible because —Kg - C' is an integer. [

If the surface S is not minimal, one can run a Minimal Model Program
on S. There is a chain of contractions of (—1)-curves S — S; — ... — Sy
such that either Kg, is nef, or Sy is P? or a P!-bundle over a curve T'.

I show the following basic lemma:

Lemma 3.2.11. Let ¢: X — S be a weak Fano conic bundle. Then, there
exists a weak Fano conic bundle ¢': X' — S, with S' = P2, Fy or s, such

that the following diagram is commutative:

X—X'.
S—9

Proof. 1 show that steps of the Minimal Model Program on .S are dominated
by extremal contractions of X.

Step 1. Let X — S be a weak Fano conic bundle and S — S’ the contraction
of a (—1)-curve. Then, there exists a weak Fano conic bundle X' — S’ and
an extremal contraction X — X' making the following diagram commutative:

X—X'.
S——=9

 The relative Picard rank p(X/S’) is equal to 2, so that by Lemma 3.1.6,
NE(X/S") has exactly 2 extremal rays that can be contracted. A 2-ray game
gives the following two possible situations:

X2 x or x-tor
S —=9 S — 9
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where 1 is birational and f is a conic bundle.

In the first case, denote by I' the (—1)-curve on S contracted to a point
P € 5. Then, by definition X|s.r = X[g_(py, and X’ — S5’ naturally has a
structure of weak Fano conic bundle.

In the second case, all maps are proper. Considering analytic neighbour-
hoods of the contracted (—1)-curves in S and in 7" shows that S and T are
isomorphic. The two maps X — S and X — T correspond to the contraction
of the same extremal ray.

There is a sequence of contractions of (—1)-curves S — S; — ... — Sy
such that Kg, is nef or Sy is P? or P! x P’

Step 2. The minimal surface Sy is birational to P? or a P*-bundle over a
rational curve.

As —Kg, is nef, the surface Sy is isomorphic to P? or is a P!-bundle over
a curve .

If Sy is a P!-bundle over a curve I, as h'(Sy, Os,) = b ( Xy, Ox,) =0,
I" has arithmetic genus A' (T, Or) = 0 and T is isomorphic to P!

Suppose that Sy is a P-bundle over P!. The surface Sy is a Hirzebruch
surface of the form F, = P(Op @ Op:(a)). Since —Kg,, is nef, Sy is either
Fo (i.e. P! x P) or Fy. O

Theorem 3.2.12 (End product of the MMP). By the above, the end product
of the Minimal Model Program X, is a weakx Fano 3-fold. More precisely,
X, 1s one of the following:

1. X, is a terminal Gorenstein Q-factorial Fano 3-fold of rank 1. X, is
the deformation of a non-singular Fano 3-fold of rank 1.

2. X,, — P! is a del Pezzo fibration of degree k, with 3 < k < 9. X,, has
Picard rank 2.

3. X, — S is a conic bundle and S is either P2, P x P! or Fy. X,, has
Picard rank 2 or 3.

Proof. Theorem 3.2.3 shows that the category of weakx Fano 3-folds is stable
under the birational operations of the Minimal Model Program. Running
the Minimal Model Program on a weak* Fano 3-fold X yields a sequence of
extremal contractions and weak* Fano 3-folds:

X, B x, 8 X
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The Program terminates if p(X,,) = 1 or if X, is a Mori fibre space over a
minimal base.

If p(X,,) = 1, the anticanonical divisor is ample. Indeed, assume — K is
nef but not ample. There exists an effective curve Z such that —Kx - Z = 0.
Since p(X,) = 1, —Kx,, is trivial and therefore not big: this contadicts X,
being weaksx. In this case, Mukai shows that X,, can be deformed to a non-
singular Fano 3-fold with Picard rank 1 [Muk02]. Such Fano 3-folds have
been classified [Isk77, Isk78].

If X,, — Pl is a del Pezzo fibration, then p(X,) = p(P!) + 1 = 2.

If X,, — S is a conic bundle, by the discussion above, either S is P? and
p(X,) =2,0r Sis P! x P! or Fy and p(X,) = 3. O
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Chapter 4

A bound on the defect of some
Fano 3-folds

The results obtained in Chapter 3 show that it is possible to run a Minimal
Model Program (MMP) in the category of weaks Fano 3-folds. If X is a
weakx Fano 3-fold and Y is its anticanonical model, the end product of
the MMP on X is either a Fano 3-fold, a del Pezzo fibration over P!, or
a conic bundle over P2 P! x P! or F,. Since the defect of Y is equal to
rk Pic(X) — rk Pic(Y'), the number of divisorial contractions needed to reach
an end product of the Minimal Model Program on a weakx Fano 3-fold X
determines the defect of its anticanonical model Y.

In this Chapter, I show that if the anticanonical model Y of a weak* Fano
3-fold X does not contain a quadric @ with —Kyo = Og(1), a divisorial
contraction increases the anticanonical degree by at least 4. I then prove
that this condition on Y is preserved by the operations of the MMP. Let
the weakx Fano 3-folds X;, for 1 < ¢ < n, be the intermediate steps of the
MMP on X = X, and let Y; be the anticanonical model of X;. If Y =Y}
does not contain an irreducible reduced quadric @ with —Kyo = Og(1),
then no Y; contains an irreducible reduced quadric @ with —Ky, g9 = Og(1).
If Y does contain an irreducible reduced quadric @ with —Ky g = Og(1)
however, there exists an extremal divisorial contraction ¢: X — X; whose
exceptional divisor is @), the pull back of @) by the anticanonical map. In
this case, I show that there are at most 10 — g contractions of quadrics when
running the MMP on X.

Following these observations, I determine a bound on the defect of termi-
nal Gorenstein Fano 3-folds Y that contain neither a plane, nor a quadric. I

95
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then give a general bound on the defect of terminal Gorenstein Fano 3-folds
that do not contain a plane.

4.1 Further study of the Minimal Model Pro-
gram of weakx Fano 3-folds

Lemma 4.1.1. Let X be a weaksx Fano 3-fold. Assume thatY , the anticanon-
ical model of X, does not contain an irreducible reduced quadric Q = P! x P!
or @ C P? with —Ky g = Og(1). Ewvery divisorial extremal contraction ¢
increases the anticanonical degree (—K)? by at least 4.

Proof. Let ¢: X — X' be a divisorial contraction.
Step 1. The contraction ¢ is of type E1 or E2.

Recall from the proof of Theorem 3.2.3 that the contraction ¢ is not of
type Eb.

If ¢ is of type E3 (resp. E4), X contains a quadric Q = P! x P! (resp.
@ C P3) with normal bundle Og(Q) = Og(—1) = Opiyxpr(—1,—1) (resp.
0q(Q) = Og(—1)). The divisor @ is Cartier, hence, by adjunction —Kx g =
Op1ypi(1,1) = Og(1) (resp. —Kx g = Oq(1)).

Since X is a weak Fano 3-fold, the linear system | — Kx|o is basepoint
free (Theorem 3.1.7) and determines a morphism &_ Kx| o onto a surface.

As [ — Kxljg C |Oq(1)], the morphism ®|_rc,, factorises as v o @0, 1)),
where v is the projection from a possibly empty linear subspace

P(H'(Q,0q(1))) = P* - - - P(H*(Q, —Kxq))

naturally associated to the inclusion of linear systems. The image of ) by
gy, I8 Q = v(Q). The map v is the identity or a projection from a
point, line or plane. As @ is a surface, v can only be the identity or a
projection from a point and @ either is the quadric @ or is a plane P? and,
by construction, —Ky g = Og(1).

In both cases, this contradicts the assumption on X since Y contains
neither a plane P? with —Kyp2 = Opz(1) nor a quadric @ with —Ky o =
O¢(1). The contraction ¢ cannot therefore be of type E3 or E4; ¢ is of type
E1l or E2.

Step 2. The anticanonical degree increases by at least 4: —K%, > —K% + 4.
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If ¢ is of type E2, then —Kx = ¢*(—Kx/) — 2F and the anticanonical
degrees of X and X' satisfy —K% = —K%, — 8E% = —K%, — 8. The degree
increases by precisely 8.

Assume that ¢: X — X’ is an El-contraction and denote by I' the centre
of . Lemma 7.1.5 shows that the following intersection table holds:

(—Kx)? = (—Kx/)? = 2(=Kx/ - T — pu(I') + 1) (4.1)
(=Kx)? E=—Kx - T +2—2p,(T) (4.2)

(—Kx) - B*=2p,(T) -2 (4.3)

E? = —deg Nryxr = 2 = 2p,(T) — (=Kx: - T). (4.4)

The anticanonical divisor — K x is Cartier and nef. The anticanonical map
is small and determined by | — Kx|. The anticanonical map ®|_ | contracts
no divisor, hence in particular, (—Kx)*- E > 0. Equation (4.2) implies that:

—Kx/ - T' > 2p,(I') =1 that is:
_KX’ I = pa(r) +1 Z pa(r)'

Equation (4.1) shows that the required result holds for p,(I') > 2.

Assume that the centre of ¢ is a curve I with arithmetic genus p,(I") < 1.
Since I' has planar singularities (Theorem 3.2.1), if its arithmetic genus is 1,
its degree —Kx/ - I' is at least 3 and the desired inequality holds.

Finally, assume that the curve I" has arithmetic genus p,(I") = 0, that is
that I is rational and non-singular. Equation (4.1) shows that the inequality
holds for —Kx/ -I" > 1.

Claim 4.1.2. The centre of ¢ is not a flopping curve.

Suppose that the centre of ¢ is a curve I' with —Kx/-T' = 0. From (4.2),
—K% - E >0, and the curve I is rational and non-singular.

The degree of Np/xs, the normal bundle of I in X', is —2. The curve
I' ~ P! is locally a complete intersection, so that its normal bundle is

NF/X' = Op (n) @D OPI(—Q — n)

for some integer n > —1.
Let s be a section of Nr/x corresponding to the exact sequence:

0— Op:1(24+n) = Nprjx» = Op1(—n) — 0.
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The intersection of s with the anticanonical divisor is —Kx/ - s = —n. Since
— Ky is nef, n is either 0 or —1. The exceptional divisor E of the contraction
¢ is P(Nr/x/), that is either E ~ P(Op @Op1(—2)) ~ Fy or £ >~ P(Op1(—1)®
Opi(—1)) = P! x PL.

I show that these cases are impossible unless Y contains a quadric () with

If £ ~ Ty, the linear system | — Kx|g is basepoint free and determines a
morphism ®|_g |, onto a surface. The morphism ®|_r |, is determined by
a linear system | — Kx||g C |af +bo| on the scroll. By convention, f denotes
the fibre of the scroll, ¢ its negative section, and the intersection numbers
are f2 =10, 02 = —2,and o - f = 0. Since f is a fibre of the contraction ¢,
—Kx-f=1and a = 1. From (4.2), the degree is (—Kx)*-FE = (6 +bf)* = 2,
so that b = 2. Since (0 +2f)-0 =0and (6 +2f)- f =1, |0+ 2f]| determines
a morphism that contracts the negative section and that maps the scroll
onto an irreducible reduced singular quadric Q = Proj(Fy, |0 + 2f|) C P? =
P(H°(Fy, |0 +2f])). The image of the morphism ®|_f |, is v(Q), where v
is the projection from a (possibly empty) linear subspace

P3 = P(H*(Fs, |0 + 2f])) - - = P(H(E, —Kx|g))

associated to the inclusion | — Kx|ig C |0+ 2f].

Similarly, if £ ~ P! x P!, the linear system | — Kx||g is contained in the
linear system |Op1yp1(1,1)|, because —Kx -1 =1 for any ruling [ of E. The
linear system |Opiyp1(1,1)] determines a morphism of E onto an irreducible
reduced non-singular quadric Q = P! x P! € P3 = P(H°(E, Opi,p1(1,1))).

The image of the morphism ®|_g |, is v(Q), where v is the projection from
a (possibly empty) linear subspace

P? = P(H(E, Opipi(1,1))) - - = P(H*(E, —Kx|)

associated to the inclusion | — Kx| g C [Op1yp1(1,1)].

In both cases, the image of ®|_k,|, is a surface that is the image of an
irreducible reduced quadric Q C P? under a projection of P3 from a linear
subspace. As above, ®| k|, (E) is a plane P? with —Kyp2 = Op2(1) or the
quadric @ with —Ky 5 = Og(1). . This yields a contradiction if X is weakx
and Y does not contain a quadric ) with —Ky g = Og(1). O

[ show that the hypotheses of Lemma 4.1.1 are preserved by the birational
operations of the Minimal Model Program.
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Lemma 4.1.3. Let X be a weakx Fano 3-fold and ¢: X — X' a birational
extremal contraction. Denote by Y and Y’ the anticanonical models of X and
X' IfY' contains an irreducible reduced quadric Q" with —Ky g = Og (1),
Y also contains an irreducible reduced quadric Q with —Ky g = Og(1).

Proof. Denote by g (resp. ¢') the anticanonical map of X (resp. X’). Assume
that Y’ contains an irreducible quadric Q" with — Ky o = Oq(1). Denote

by /@ the proper transform of Q' by ¢’ and by @ the proper transform of @
on X.

The linear system | — Kx/| 5 = [¢"(—Kx/) — E|,5 is naturally a subsystem
of |(¢)*(—KX/)|@ = |(¢' 0 $)*Og/(1)|. The inclusion is strict if the centre

of ¢ intersects ). The 3-fold X is a weakx Fano hence, by Theorem 3.1.7,
| - K X||@ is basepoint free and determines a morphism ®|_ Kxlg that maps

é onto a surface.

Let @ be the image of @I—le‘@' The morphism <I>|_KX||@ is the compo-
sition v 0 ®(grop)-0,, (1)) where v is the projection from a (possibly empty)
linear subspace

P(H(Q, (9" 0 9)"Oqr(1))) = P* - - = P(H(Q, —Kx5))

associated to the inclusion |—Kx 5| C |(¢" 0 )" Og/(1)].

The surface Q therefore is the image of ' C P? under the projection v of
P3 from a linear subspace. As @ is a surface, the rational map v is either the
identity, or the projection of P? from a point. The surface @ is either Q' or a
plane P* and —Ky g = Og(1) by construction. The surface @ is not a plane
because X is a weak* Fano 3-fold, hence () is an irreducible reduced quadric
Q ~ Q. The proof shows in addition that ¢’ C X’ does not intersect the
centre of ¢. ]

4.2 A bound on the defect of some Fano 3-
folds

Let Y be a non Q-factorial normal Gorenstein terminal Fano 3-fold of genus
g > 3. The 3-fold Y is not Q-factorial, hence:

rk(Weil(Y)) = dim Hy(Y, Z) # dim H*(Y, Z) = tk(Pic(Y)).
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If Y is a quartic 3-fold with terminal (Gorenstein) singularities, the Grothendieck-
Lefschetz hyperplane theorem shows that p(Y) = rkPic(Y) = 1. In this
section, I always assume that the Picard rank of Y is 1.

Recall the statement of Kawamata’s Q-factorialisation theorem (Propo-
sition 2.1.1).

Proposition 4.2.1 (Q-factorialisation). Let Y be an algebraic threefold with
only terminal singularities. Then, there is a birational morphism f: X — Y
such that X is terminal and Q-factorial, f is an isomorphism in codimension
1 and f is projective.

Remark 4.2.2. The map f: X — Y is a chain of ‘symbolic blow-ups’ of
Weil non QQ-Cartier divisors on Y. The anticanonical map introduced in
Chapter 3 is a QQ-factorialisation map.

Remark 4.2.3. As mentioned in Remark 3.1.11, the Fano indices of X and
Y are equal. The map f is crepant, and so the 3-fold X is also Gorenstein.

The morphism f is small and X is Q-factorial, hence:
rk Weil(Y') = rk Weil(X') = rk Pic(X),
and the defect of YV is:
o(Y) =rkPic(X) — 1.

The Q-factorialisation X of Y is Gorenstein, terminal, Q-factorial and
its anticanonical divisor —Kx = f*(—Ky) is nef and big. The 3-fold X is a
weak Fano 3-fold.

The proof of Theorem 3.1.7 shows that if | — K x| is not basepoint free, then
either X is birational to a special complete intersection X, C P(1,1,1,2,3)
and X has genus 2, or X is monogonal and X has Picard rank at least 2. If Y
has Picard rank 1 and genus g > 3, R(Y, —Ky) = R(X, —Kx) is generated
in degree 1.

Unless Y contains a plane P? with — Ky p2 = Op2(1), its Q-factorialisation
X is a weak* Fano 3-fold.

I state here a weak version of Theorem 6.2.8 [Nam97], which is established
in Chapter 6. This theorem is used in the rest of this section.

Theorem 4.2.4. Let Y be a Fano 3-fold with terminal Gorenstein singular-
ities. There is a 1-parameter flat deformation of Y f: Y — A, where ) is
a terminal Gorenstein Fano 3-fold for allt € A and Yy, is non-singular for
some tp € A~ {0}.
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Remark 4.2.5. If Y — Aissuch a 1-parameter flat deformation, rk Pic(Y) =
rk Pic();) for all t € A (Lemma 2.2.7). The Fano index and the plurigenera
are constant in a 1-parameter flat deformation, so that — K3, the degree of
Y, is equal to the degree of )y, (see Chapter 6).

Corollary 4.2.6. (of all the above): Let Y be a terminal Gorenstein Fano
3-fold with Fano index 1, Picard rank 1 and genus g > 3. If Y does not
contain a quadric or a plane, the defect of Y is bounded by [127_9] +4, where
g 1is the genus of Y.

Proof. Denote by X a small Q-factorialisation of Y, X is a weak* Fano 3-fold.
I prove that the Picard rank of X is at most [127_9] + 5.

The anticanonical model Y of X is a terminal Gorenstein Fano 3-fold. The
anticanonical degree of X is of the form —K3 = —K% =2g—2 with2 < g <
10 or g = 12 by Iskovskih’s classification [Isk77, Isk78] and Theorem 4.2.4.

Lemma 4.1.1 states that, when running the Minimal Model Program on
X, each divisorial contraction increases the anticanonical degree by at least
4. By Theorem 4.2.4, at each step of the MMP, the anticanonical model
Y; of X, is a terminal Gorenstein Fano 3-fold and it can be smoothed to a
non-singular Fano 3-fold with Picard rank 1.

Iskovskih’s classification of non-singular Fano 3-folds shows that at each
step, —K ;”( can only take one of finitely many values. If the Fano index of
X; is 1, it is of the form 2g; — 2, with g +2 < ¢g; < 10 or ¢g; = 12. If X
has Fano index 2, it is of the form 8d, with 1 < d < 5. If X, is a possibly
singular quadric, it is equal to 54, and if X; ~ P3, it is equal to 64 (see
Theorem 5.1.1).

In each case, the Picard rank of the weak* Fano 3-fold X is equal to the
sum of the number of divisorial contractions and the Picard rank of the end
product of the Minimal Model Program. The end product of the MMP is
one of: a terminal Gorenstein Fano 3-fold, a del Pezzo fibration over P!, or
a conic bundle over P2, P! x P! or F,.

If, at any intermediate step, X; is a weak* Fano 3-fold of Fano index 2, ¢;
can only be an E2 contraction, and X, also has Fano index 2 (Lemma 5.1.2).
If the end product X,, has index 2, it is one of: a Fano index 2 Fano 3-fold,
an étale conic bundle, or it admits a fibration by del Pezzo surfaces of degree
4. More precisely, depending on the end product of the Minimal Model
Program, one of the folllowing cases occurs:

1. Y, is a Fano 3-fold of Fano index 1. The genus decreases by at least
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2 with each divisorial contraction. The Picard rank of X is bounded

above by [%] + 1.

2. Y, is a Fano 3-fold of Fano index 2. Similarly, by inspection, the Picard
rank of X is bounded by [52] + 3.

3. Y, is a possibly singular quadric. In this case, no intermediate 3-fold

can have index 2 and the Picard rank is bounded by [12779} + 2.

4. Y, ~ P3 No intermediate 3-fold can have Fano index 2, hence the

Picard rank of X is bounded by [HT_Q] + 3.

5. Y, is a strict Mori fibre space. In this case, as Y,, is a terminal Goren-
stein Fano 3-fold with Picard rank 1, I can apply the same results to
bound the degree of Y,, (refining the argument to take account of pos-
sible indices of Mori fibre spaces does not improve the bound). This

yields an upper bound on the Picard rank equal to [12779} + 5.

]

Corollary 4.2.7. Let Y be a terminal Gorenstein Fano 3-fold with Fano
index 1, Picard rank 1 and genus g > 3. If Y contains a quadric but does
not contain a plane, the defect of Y is at most 14 — g.

Proof. Denote by g: X — Y a small Q-factorialisation of Y; X is a weaksx
Fano 3-fold. I prove that the Picard rank of X is at most 15 — g.

I can run a Minimal Model Program on X. If @) is a quadric lying on Y/
with —Ky g = Oq(1), denote by @ its proper transform on X. We claim

that there is a K-negative extremal ray of X on which Q is negative, implying
that there is an extremal contraction that contracts Q. Indeed, let I' be any
ruling of @) and let I' be the proper transform of I'. As () is Cartier,

Q- I'=—Kx -I'+Kr—(I'-I)5

In addition, —Ky -I' = —Ky - T = 1 and —Kpr = —Kr = —2 by the Leray
spectral sequence. The divisor I' C @Q is nef: (I - F)@ > 0. Hence, Q-T' < 0

and there exists a K-negative extremal ray R, on which CNQ is negative. The
contraction theorem [KMMS87] shows that R can be contracted. Denote by
¢: X — X' the extremal divisorial contraction associated to R.

Claim 4.2.8. The degree increases by at least 2: —K% < —K%, + 2.
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If ¢ contracts a quadric_ é to a point, ¢ is of type E3 or E4 and the
degree increases by 2. If @ is contracted to a curve I', (4.2) shows that
—Kx-T' = 2p,(T) and therefore by (4.1), (—=Kx)? = (—Kx:)3—2(pa(T) +1).
The degree increases by at least 2.

The classification of non-singular Fano 3-folds of Picard rank 1 shows that
the number of quadrics lying on Y is bounded by 11 — g = 10 — g + 1. As
long as quadrics are contracted, the indices of the intermediate steps of the
Minimal Model Program are equal to 1. The bound on the Picard rank then
follows from Corollary 4.2.7. [

Remark 4.2.9. I have not managed to construct a terminal Gorenstein
quartic 3-fold Y = Y, C P* that contains a quadric but no plane for which
the bound on the defect would be attained. My guess is that this bound
is not optimal. First, if Y contains two quadrics @y = {z¢ = ¢o = 0} and
Q1 = {z1 = ¢« = 0}, Y naturally has a structure of del Pezzo fibration of
degree 4 over P'. One could try to build an example by considering such
del Pezzo fibrations with 3 reducible fibres. Second, if Y does not contain
two quadrics lying in distinct hyperplane sections, Y contains two conjugate
quadrics of the form @Q = {zp = ¢ = 0} and Q' = {9 = ¢ = 0} and YV
can be “unprojected” to a terminal Gorenstein Yo3 C P° with a node at
P=(0:0:0:0:0:1). One then needs to consider quadrics in Y5 3 that do
not contain the point P (Lemma 4.1.3).

Remark 4.2.10. This analysis need not be limited to Gorenstein termi-
nal Fano 3-folds of Picard rank 1. Let Y be a non Q-factorial terminal
Gorenstein Fano 3-fold of Picard rank p(Y') and denote by X a small Q-
factorialisation of Y. It is possible to run a Minimal Model Program on
X. Whereas Lemma 3.2.7 shows that the Picard rank of the anticanonical
models of the intermediate steps of the MMP is always 1 when p(Y) = 1, in
the general case, at each step of the MMP, the Picard rank of the anticanon-
ical model Y; is at most p(Y). Following the strategy of Corollaries 4.2.6
and 4.2.7, it is possible to bound the number of divisorial contractions. This
time, the end product is either a terminal Gorenstein Fano 3-fold of Picard
rank at most p(Y') or a strict Mori fibre space. The anticanonical model of
each intermediate step can be deformed to a non-singular Fano 3-fold; these
have been classified by Mori and Mukai [MM86, MM82].
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Chapter 5

Fano 3-folds containing a plane

In chapters 3 and 4, I have determined an upper bound on the defect of
terminal Gorenstein Fano 3-folds with Picard rank 1 that do not contain a
plane. The simplest examples of non Q-factorial Fano 3-folds are, however,
singular Fano 3-folds Y with Picard rank 1 that contain a plane. In this
chapter, I study terminal Gorenstein Fano 3-folds with Picard rank 1 that
contain a plane.

Let Y be a non Q-factorial Fano 3-fold with terminal Gorenstein singu-
larities and Picard rank 1. Let £ ~ P2 C Y be a plane contained in Y.
The plane E is a Weil non Q-Cartier divisor. The anticanonical divisor of
Y is ample and Y has Picard rank 1, hence —Ky = Oy (i(Y')), where i(Y)
is the Fano index of Y. In particular, if £ is any Weil non Q-Cartier plane
lying on YV, =Ky g = Op(i(Y)). If Y is a non Q-factorial Fano 3-fold with
terminal Gorenstein singularities and Picard rank 1, then the restriction of
the anticanonical divisor to any plane lying on Y is determined by the Fano
index of Y.

In Section 5.1, I study terminal Gorenstein Fano 3-folds of Fano index
strictly greater than 1 that contain a plane. The methods used in chapters 3
and 4 can be applied and yield a bound on the defect.

In Section 5.2, T focus on the case of terminal quartic 3-folds Y = Y} c P*
that contain a plane. Notice that such a quartic 3-fold Y = Y2 C P* has Fano
index 1 and Y is Gorenstein because it is a hypersurface in P*. Chapter 2
explains that the defect of a terminal Gorenstein Fano 3-fold depends on
the number of singular points and on the position of its singularities. If
Y =Y} C P*is nodal, that is if Y has no worse than ordinary double points,
Y has at most 45 nodes [Var83, Fri86]. Further, it is known that, up to

65
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projective equivalence, there is a unique quartic hypersurface with 45 nodes
[dJSBVAVI0]: the Burkhardt quartic (Example 5.2.7). This quartic contains
forty planes and has defect 15. I show in Section 5.2 that this is an upper
bound for the defect of terminal quartic 3-folds. Finally, I make a conjecture
(5.2.14) on the defect of terminal Gorenstein Fano 3-folds with Picard rank
1 and Fano index 1 that contain a plane.

5.1 Non Q-factorial Fano 3-folds of higher in-
dex

Higher Fano index canonical Gorenstein Fano 3-folds are classified by Fujita
and Shin. Shin proves the following:

Theorem 5.1.1 ([Shi89]). Let Y be a Gorenstein Fano 3-fold with at most
canonical singularities. Denote by i(Y') the Fano index of Y, then:

1. i(Y) < 4 with equality if and only if Y ~ P3.
2. i(Y) =3 if and only if Y is a possibly singular quadric in P*.

Let Y be a terminal Gorenstein Fano 3 fold with Fano index i(Y) > 1
and Picard rank 1, and let X be a small Q-factorialisation of Y. Recall that
i(X) =i(Y) by Remark 3.1.11. The 3-fold X is a weak* Fano 3-fold. Indeed,
Y cannot contain a plane with —Kyp2 = Opz2(1), the anticanonical ring of Y
is generated in degree 1 (Theorem 3.1.7) and the anticanonical map is small.
The results obtained in Chapter 3 show that it is possible to run a Minimal
Model Program on X.

Let Y be a terminal Gorenstein Fano 3-fold of Fano index 2 and let X
be a small Q-factorialisation of Y. I state in the following Lemma some
straightforward results on contractions of extremal rays on X.

Lemma 5.1.2. Let X be a Fano index 2 weakx Fano 3-fold and f: X — X'
the contraction of an extremal ray. Then, one of the following holds:

1. f s birational, and f is either a flop or an E2 contraction.
2. f: X — S is a conic bundle, in fact f is an étale P'-bundle.

3. f: X — P! is a del Pezzo fibration of degree 8, and f is a quadric
bundle.
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Remark 5.1.3. Similarly, if X has Fano index 3 and p(X) > 2, then p(X) =
2. Any contraction of an extremal ray is either a flop or a del Pezzo fibration
of degree 9, that is, X is a P>-bundle over P!.

Proof. Let f: X — X’ be the birational contraction of an extremal ray.
Since X is weak#, f cannot be of type E5. If f is of type E1, E3 or E4,
an irreducible reduced curve C' contracted by f has anticanonical degree
—Kx - C = 1: this contradicts i(X) = 2.

If f is a birational contraction, it is either a flopping contraction or the
inverse of the blow up of a smooth point. The exceptional divisor of f is
then a plane E ~ P? with Op(—FE) = Og(1), that is, by adjunction, with
—Kxp = Op(2).

Let f be a fibering contraction. Unless f is an étale P'-bundle over
S = P2, P! x P! or Fy, or a del Pezzo fibration of degree 8, there exists a
curve C' contracted by f with anticanonical degree —Kx - C' =1 or 3. ]

Remark 5.1.4. In particular, if rk Pic(X) > 2, X has to contain a plane.
The problem of bounding the defect of a terminal Gorenstein Fano 3-fold Y
of Fano index 2 is equivalent to that of determining the maximal number of
disjoint planes that can lie on X (see the proof of Corollary 5.1.7).

Lemma 5.1.5. Let f: X — X' be an extremal contraction of type E2. As-

sume that X is a weakx Fano 3-fold of index 2 and degree h® = %. Then
X' is a weakx Fano 3-fold of Fano index 2 and degree h'> = h? — 1.

Proof. By Theorem 3.2.3, X’ is a weaks Fano 3-fold. The anticanonical
divisors of X and X' satisfy the relation:

and —K% = — K%, — 8. This also shows that 2 divides the Fano index of X',
so that i(X’) = 2 or i(X’) = 4.

The 3-fold X’ cannot have Fano index 4. If it did, its anticanonical model
Y’ would be P3 (Theorem 5.1.1). By Theorem 4.2.4, Y is a one-parameter
deformation of a non-singular Fano 3-fold Y; with Fano index 2 and Picard
rank 1. The degree is invariant in a one-parameter flat deformation, hence
— K} = —K% < 40. In particular, X’ cannot have degree 64 = —K2;; thus
X’ has Fano index 2. ]



68 CHAPTER 5. FANO 3-FOLDS CONTAINING A PLANE

Let Y be a non Q-factorial Gorenstein Fano 3-fold with Picard rank 1
and Fano index 2. Let X be a Q-factorialisation of Y. The 3-fold X is a
weak* Fano 3-fold. I run a Minimal Model Program on X.

X:X()ﬂ)XlgAXQ—)&Xn

By Lemma 5.1.2, each birational contraction is either a flop or of type E2.
Theorem 3.2.12 gives the following possible end products of the Minimal
Model Program on X:

1. X, is a terminal Gorenstein QQ-factorial Fano 3-fold of rank 1 and Fano
index 2.

2. X,, — P! has a structure of del Pezzo fibration of degree 8 (the general
fibre is isomorphic to P! x P!).

3. X,, — S has a structure of étale P'-bundle over S = P2 P! x P! or
S - FQ.

The Picard number of X is determined by the number of planes contracted
while running the Minimal Model Program, that is by the number of E2
contractions.

Corollary 5.1.6. Let Y be a non Q-factorial terminal Gorenstein Fano 3-
fold of Picard rank 1 and Fano index 2, and let X be a small Q-factorialisation

of Y. Denote by h3 = ? the degree of X and Y. The Picard rank of X 1is
at most 8 — h3.

Proof. By Lemma 5.1.5, each divisorial contraction increases the degree by
1. Denote by [ the number of divisorial contractions encountered in running
the Minimal Model Program on X.

1. X, is a terminal Gorenstein Q-factorial 3-fold of Fano index 2. By
Theorem 4.2.4, X,, has degree 1 < h3 < 5. As h3 = h3 + [ and
p(X)=1+1, p(X) <6—h>

2. X,, — P! is a del Pezzo fibration of degree 8. By Theorem 4.2.4, Y,,
can be deformed to a non-singular Fano 3-fold of Fano index 2 and
Picard rank 1. In particular, the degree h3 < 5. Since h3 = h3 + [ and
p(X) =142, p(X)<T7—h>
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3. X,, — P? (resp. X,, —» P! x P! or Fy ) is an étale P'-bundle, and as
above X, has degree h2 < 5. Since h? = h3+1 and p(X) = [ +2 (resp.
p(X) =1+43), p(X) <7—h* (resp. p(X) <8—h?),

O

Corollary 5.1.7. Let Y be a non Q-factorial terminal Gorenstein Fano 3-
fold of Picard rank 1 and Fano index 2 and let X be a small Q-factorialisation
of Y. Then X contains at most 7 — h3 disjoint planes.

Proof. Let E = P2 be a plane contained in X, then —Kxp = Op2(2).
By the contraction theorem, there is an extremal contraction which con-

tracts F to a point. Indeed, E is covered by curves I' with —Kx -I' = 2 and
E-T=-1

Claim 5.1.8. The planes contracted when running the Minimal Model Pro-
gram on X are disjoint non Q-Cartier planes on'Y .

I show that I may assume that the flopping contractions are performed
first, that is, that the Minimal Model Program on X is of the form:

X_>X1_>_> n_l_1_>..._>Xn

where all the extremal contractions f; for : < n—I[—1 are flopping contractions
and the extremal contractions f; for ¢ > n — [ are divisorial contractions of
type E2.

A flopping contraction and a divisorial contraction of type E2 always
commute. Indeed, the exceptional locus of a flopping contraction is K-trivial,
while that of an E2 contraction is K-negative. More precisely, assume that
an E2 contraction f;_; is followed by a flopping contraction f;:

fi— fi
Xio1 = X; = Xip

Then the centre P of f;_; does not belong to a flopping curve C'. Otherwise,
let C be a curve, which maps 1-to-1 to C; —K x,_,-C < 0 and this contradicts
X,;_1 being weakx.

Let E; be the exceptional divisor of f; for ¢ > n — [. Without loss of
generality, I want to prove that for ¢ > n — [ 4 1, the centre P; of f; on X;
does not belong to E;,1. The proper transform of any line through P, is a
flopping curve in X;_;. The morphism determined by | — K, ,| contracts
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finitely many curves, in particular, there are finitely many curves C' through
P; such that —Kx, - C'= 2. The point F; cannot lie on F; ;.

In particular, the proper transforms on X of the divisors contracted when
running the Minimal Model Program on X are disjoint planes. There is no
other plane disjoint from these on X, as this would give rise to another
extremal contraction. L]

Remark 5.1.9. The image of a plane £ C X on Y is v(S), where S ~ P? C
P° = P(H°(P?, Op2(2))) is the Veronese surface and v is the projection of P°
from a possibly empty linear subspace

P5 = P(HO(P2, Op(2))) - — = P(H(P?, — K xp2)

associated to the inclusion of linear subspaces | — Kxp2| C |Op2(2)]. As X
is weaks, | — Kx/| /g is basepoint free and v is the identity or the projection
of S from a point P € P° . S.

5.2 Quartic 3-fold containing a plane

Assume that Y = Y2 C P4 is a quartic 3-fold with terminal singularities that
contains a plane I = {zq = x; = 0}. AsY is a complete intersection in P4, YV’
is Gorenstein. The Grothendieck-Lefschetz hyperplane theorem shows that
p(Y) = 1. I aim at determining a bound on the defect of Y. The equation
of Y is of the form:

Y = {370 . Clg(l’(), cee ,SC4> +xq - b3(&30, e ,.114) = 0} (51)

Let X be the blow up of Y along the plane II. Locally, the equation of
X can be written as:

{tO . a3(t0$7t1x7 X2, x37x4) + tl : b3<t0x7t1x,ﬁl]2,x3, .fC4) = O}
C ]P)(t(),tl) X P($,$2,$3,$4), (52)

where the variable x is defined by x¢g =ty -z, 1 =1, - 2.
Ifi ion f ional scroll P, Let to,t; b dinat
x some notation for rational scrolls over P*. Let ¢y, t; be coordinates on
P! and consider C"*! with coordinates xy, ..., z,. Fix a set of non negative
integers ag, . . ., a, in increasing order.
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I consider actions of the group G = C* x C* on the affine space C?x C"*!,
where the two factors of G' act by:

A (t07t1’ Lo, - ,.fL'n) = ()\t()a )\tla )\fao‘r(), Ce 7)\7(1”%'71)
o (t07t1; Zoy .- ,l'n) = (t07t17 U, - . . ’I[,L,Z'n)

I use the following matrix notation to summarise this action:

11 a ... a,

O 0 1 ... 1
The scroll F(ag, . .., a,) is the quotient (C* \ {0}) x (C"™' < {0})/G. The
scroll F is a P"-bundle over P'. In the case of P3-bundles over P!, I denote
by Fa, as.a5 the scroll F(0,aq, a2, a3). Line bundles on F are in 1-to-1 corre-

spondence with characters y: G — C* of the group . Indeed, associate to
a character x the line bundle L, such that the space of sections of L, is:

H(F, Ly) = {f : (C* = {0}) x (C"* —{0}) — C | f(g2) = x(9)f(«)}.

Let L and M be the line bundles associated to the characters (A, u) — A and
(X, i) — p respectively. Denoting by 7: F — P! the natural projection, L is
the pull back 7*Op1(1).

The 3-fold X is naturally embedded in the scroll Fg o, over P!, It is an
element of the linear system |3M + L| on IF, and it has a natural structure of
cubic del Pezzo fibration over P!. The generic fibre X, is reduced and irre-
ducible because Y is. However, special fibres might be reducible. Moreover,
X is a weak Fano 3-fold, p(X/Y) =1 and the map X — Y is small (X is a
small partial Q-factorialisation of Y').

Bounding the rank of the group of Weil divisors of X suffices to determine
the defect of Y.

Lemma 5.2.1. [Cor96] Let X;, 0 < i < n, be the reducible fibres of the
cubic fibration X. Let D, be irreducible generators of NE(X,), Dy the
closure of Dy, in X (each Dy, is irreducible) and let the E; ; be the irreducible
components of X;. The cone of effective divisors N'(X) is generated by the
E; ; and by the divisors Dj,.

Remark 5.2.2. A similar description holds for any del Pezzo fibration.
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Corti proves in [Cor96] that, when projecting a terminal weak Fano del
Pezzo fibration away from a plane contained in a reducible fibre, the number
of irreducible components of this reducible fibre decreases. Let me recall his
results more precisely.

Let O be a discrete valuation ring, with fraction field K, parameter ¢
and residue field k. In the cases I consider, O is the local ring of P! at a
point P that corresponds to a reducible fibre and k is C. Let S = Spec(O),
n = Spec K be the generic point and 0 = Speck. Let P = P, be an n-
dimensional projective space over S and L = L, a d-dimensional projective
subspace, defined over k. If d < n — 1, there is a birational transformation
® = &,: P — P, centred at L. The map ® is a projection from L. In
homogeneous coordinates, it is given by:

G: (zg:...ixy) = (twg ... itxg i Tgyy t ... Tp).

Now, let X C IP be a cubic surface defined over S, such that X, = Xg is
smooth. I assume that X is a weak Fano 3-fold in the sense of Definition 3.1.1
and that the anticanonical map of X is small. Let n(X) denote the number
of k-irreducible components of the central fibre Xj.

Lemma 5.2.3. [Cor96, Lemma 2.17] Assume that X, contains a 2-plane
IT C Py, defined over k. Let ®: P --» Pt be the projection away from I and
Xt =®&,X. Then:

1. X has terminal singularities, —Kx+ 1is nef and big over Spec(QO).
2. n(X1) < n(X).

Remark 5.2.4. Notice that in such an operation of projection away from
a plane, the Weil rank decreases by at most two. Indeed, this follows from
Lemma 5.2.1, as such a transformation only affects X in the central fibre.

Corollary 5.2.5 ([Cor96], Flowchart 2.13 and Corollary 2.20). If X C P%,
is a weak Fano cubic fibration with small anticanonical map, then project-
ing away from planes contained in the central fibre yields a standard integral
model X' for X,,, that is a flat subscheme X' C P?, with isolated cDV singu-
larities and reduced and irreducible central fibre.

Lemma 5.2.6. The rank of the Weil group of X is bounded by 8+2- N+ M,
where N is the number of reducible fibres with 3 irreducible components and

M the number of reducible fibres with 2 irreducible components. The defect
of Y s hence bounded above by 7+ 2- N + M.
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Proof. If a fibre of X — P! is reducible, it has at most 3 irreducible compo-
nents (one of which has to be a plane). Project away from these reducible
components in order to obtain a standard integral model. The result follows
from the following exact sequence, valid when 7: X’ — P! has reduced and
irreducible fibres:

0 — Z[r"Op (1)] — Weil(X') — Pic(X,) — 0.
[

The problem is now to bound the possible number of reducible fibres of
X.

Example 5.2.7 (The Burkhardt quartic). It is known that a nodal quartic
hypersurface in P* has at most 45 nodes [Var83, Fri86]. Moreover, up to
projective equivalence, there is only one such Y = Y C P* [dJSBVAV90]
and it has the following equation:

{xé - $o(517§’ + 93% + :B§ + xi) + 3z1292324 = 0},

Let Y be the blow up of Y at the 45 nodes. The Hodge theoretic approach
(Chapter 2,(2.3)) leads to a(Y) = by(Y) — 45 — by(Y') = by(Y) — 46. The
cohomology of Y is determined in [HW01] and by(Y) = 61, so that the defect
of the Burkhardt quartic is 15.

Alternatively, the plane II = {zy = x; = 0} is contained in Y. Let X be
the 3-fold obtained by blowing up Y along the plane II; X has the following
expression:

to(ts — 63)a® — to(ad + 23 + 23) + 3t wow3m4 = 0,
which on the affine piece t; # 0 reads
to(tg — 1)%3 — to(x% + .Ig + xi) + 31’2%31‘4 =0.

The central fibre, which corresponds to (to : t1) = (0 : 1), has three ir-
reducible components: the planes {tq = x; = 0}. Each fibre reduced and
irreducible for (t : ¢1) # (0 : 1) and (tg : ¢1) # (1 : w*) for 0 <4 < 2, where
w is a cube root of unity (notice that considering the affine piece ¢t # 1 yields
the same results). The generic fibre X, is a non-singular cubic surface in P°.

Consider for instance the fibre X; over (1 : 1). The fibre X, is the
union of three planes in P(z, xq, x3,24), namely II; = {zy + 23 + x4 = 0},
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[y = {wry+x3+w?ry = 0} and I1? = {w?ry+23+wry = 0}. The situation is
analogous for the other two reducible fibres. There are 27 closed subschemes
in X N U;—g1 0 Xi isomorphic to P]%vl\(ui{(wm)})' In other words, the 27 lines
on the generic fibre may be completed to divisors on X, they are rational
over P! . (U;i{(w" : 1)}). The Picard rank of X, is 7 and the generators of
Pic(X,)) complete to independent Cartier divisors on X.

This shows that the rank of the Weil group of X is 1 4+ 7 + 8. The rank
of the Weil group of the Burkhardt quartic is 16 and its defect is 15.

I show that if X is a cubic fibration obtained by blowing up a plane lying
on a quartic 3-fold Y = Y? C P* with terminal singularities, then X has at
most 4 reducible fibres. By construction, Y is the anticanonical model of X.

Lemma 5.2.8. Let Y = Y2 C P* be a terminal quartic 3-fold that contains
a plane 11 and let X be the cubic del Pezzo fibration obtained by blowing up
Y along II. The cubic fibration X has at most 4 reducible fibres.

Corollary 5.2.9. The defect of a terminal quartic 3-fold Y =Y C P* that
contains a plane s at most 15.

Proof of Lemma 5.2.8. Recall that X is the blow up of a terminal quartic
3-fold Y C P* of the form

Y = {woas(xo, - -, x4) + 21b3(20, -+ ,24) = 0} C P* (5.3)

along the plane II = {zg = z; = 0}.
From (5.2), the equation of X reads:

X = {toas(tor, t1x, 22, x3, x4) + t1b3(tox, t12, T2, 23, 24) = 0},

where az and by are sections of the linear system |3M| on the scroll Fgq ;.
Denote by f the morphism f: X — Y.

The terminal Gorenstein 3-fold X is a section of the linear system |3/ +L)|
on the scroll Fyg ;.

A change of coordinates on the scroll Fy; is given by a usual change
of coordinates on P! and by the action of a matrix of the following form on
(xg:x3: 24 T):

a b c ll(to,tl)

d e [ lato,t1)

g hoi B(to,th) |’
000
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where the upper 3 by 3 minor is an invertible complex matrix, I, [y and I3
are linear forms and j is a non-zero complex number.

The fibre of the scroll Fogq over (A : u) € P! is isomorphic to the hy-
perplane Hy,y = {pxo — Azqy = 0} C P*. There is a 1-to-1 correspondence
between fibres of the scroll F ¢ ; and hyperplanes of P* that contain the plane
IT.

The hyperplane section of Y C P* corresponding to Hy., is a reducible
quartic surface that contains the plane II. The intersection Y N Hy.,y is [TU
Y(’)\: 1)’ where Y(’/\ L isa possibly reducible cubic surface, naturally isomorphic
to the fibre X(x.,).

If X has a reducible fibre over (A : p) € P!, X contains a plane either of
the form:

o = { Mo + pty = Uza, 23, 24) + U(toz, thiz) = 0},
where [ and !’ are linear, or of the form:
oy = {Ato + pty = . = 0}.
The plane IIy.,) C X |y, is isomorphic to a plane H’(ML) lying on Y N Hy.p).
In the first case, H,(/\:u) is of the form:

g = 1Az0 + poy = U(zg, 3, 24) + (20, 21) = 0}

and meets II in a line L., = {z0 = 21 = (2,23, 24) = 0}, while in the

second case Hb\; 0 = I1.

Step 1. The cubic fibration X does not contain two planes of the form:
{Ozto + ﬁtl =T = 0}

I show that if X contains two distinct planes of this form, every fibre of
X is reducible. This contradicts Y having terminal singularities.

Indeed, we may change coordinates on P! so that the two reducible fibres
lie over 0 and co. Let us assume that X contains the planes {t, = = = 0}
and {t; = x = 0}. Then the equation of X reads:

tot1Asni—r + xBapryor, = 0,

where Asy;_p is a section of |[3M — L| and Bapysiop is a section of [2M + 21L|.
Every monomial in H°(Fg1,3M — L) is divisible by z, hence X is reducible.
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From the point of view of Y C P*, if X contains two such planes, the
hyperplane sections of Y N H(g.1y and Y N H(y.p) both contain the plane I =
{zo = z1 = 0} with multiplicity 2, so that in the equation (5.3), both a
and b3 lie in the ideal of II. The quartic Y has generic multiplicity at least 2
along II.

Step 2. Assume that X has at least two reducible fibres. Let I = Il ..1)
and Iy = Tl(x,.u,) be two planes lying in distinct fibres of X and denote by
I} = H’( ) @nd IT, = H'( ) the planes of P* to which they are isomorphic.
If 11} and [T, are both dzstmct from 11, they meet at a point.

I show that if X contains two such planes 1I; and I, associated to planes
IT} and IIj, that intersect II along the same line L; = Ly = L, Y has multi-
plicity 2 along the line L. This contradicts Y having isolated singularities.

The planes IT} and IT, of P lie in distinct hyperplanes of P* because they
correspond to distinct fibres of the cubic; II] and IIf, intersect II in lines L,
and Lo respectively. If Ly = Lo, without loss of generality, I may assume
that 11} = {z¢p = z2 = 0} and II}, = {x; = 25 = 0} after coordinate change
on P4 The planes IT and II, both intersect the plane II along the line
Ly=Ly=L={xg=21 =29 =0}.

The plane IT} (resp. II}) lies on Y if and only if, in (5.3), the homogeneous
form b3 is in the ideal (xg, 25) of T} (resp. the homogeneous form a3 is in the
ideal (x1,x9) of II}). The quartic Y then has multiplicity 2 along the line L.

Step 3. If X contains three planes 111,11y and 113 which lie in distinct fibres
and correspond to planes I}, I, and 115 lying on Y that are all distinct from
1, the three planes do not meet at a single point.

I show that if the planes II},II}, and II; meet at a point P, the quartic
Y does not have isolated cDV singularities. More precisely, I show that X,
a small partial Q-factorialisation of Y, does not have isolated singularities.
The cubic fibration X is hence not terminal: P € Y is not a ¢cDV point.

Up to coordinate change on P*, we may assume that

I} = {zg = 22 = 0}
Hé:{$0:x220}
Hé = {:L'O—|—:E1 :[E2+$3+l($071'1) = 0}7

where [ is a linear form.
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Equivalently, up to global coordinate change on the scroll, X contains the
following 3 planes:

le{t():xQ:O}
ng{tlzxgz()}
H3 = {to + 1t = 29 + T3 ‘f‘l(to,tl)l‘ = 0}

The equation of X therefore has to be in the ideal spanned by the mono-
mials:

I = {(to + t1)tots, tot1 (v2 + 3 + U(to, t1)2), (to + t1)t1z2, (to + t1)toxs,
t1x2(132 -+ T3 + l(to, tl)QZ), tol’g(ﬂ?z —+ XT3 -+ l(to, tl)l’), (to -+ t1)$2$3,
Tax3(z2 + 3 + U(to, 1))},

The cubic fibration X has multiplicity 2 along T' = {x = 23 = x5 = 0}.

Indeed, the only monomials in / which do not have multiplicity 2 along
I' are (to + tl)totl, t0t1($2 + x3 + l(tg,tl)l‘), (to + tl)tll‘Q and (tQ + tl)tol'g.
However, (to+t1)tot; is a section of [3L], so that if it appears in the equation
of X € |3M + L|, it is multiplied by Asp;_or, a section of [3M — 2L|. Any
monomial in |[3M —2L| is divisible by 2%, hence the term (to-+t;)tot1 X Aspr_or
which appears in the equation of X (if non-zero) has multiplicity 2 along I'.

Similarly, tot1(xe+x3+1(to, t1)x), (to+1t1)t122 and (to+t1)toxs are sections
of |M +2L| and have multiplicity 1 along I'. If they appear in the equation of
X, they are multiplied by a section of |2M — L|. Any monomial of |2M — L|
is divisible by z, so that these terms, if non-zero, also have multiplicity 2
along I'.

As Y has terminal Gorenstein singularities, X, a small partial resolution
of Y, also has isolated singularities: this yields a contradiction.

In terms of Y, if X contains such a combination of planes, the singular
point (0:0:0:0:1) € Y is not a cDV point.

If X contains three planes I, II, and Il lying in distinct fibres, which
correspond to planes II7, II}, and II; C Y all distinct from II, without loss of
generality, up to coordinate change on P*, we may assume that:

Hll = {I‘O = Ty = O} C H(O:l)
H/Q = {Z’l —= T3 = 0} C H(I:O)
I = {zg + 21 =24 =0} C Hupy.
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Equivalently, up to global change of coordinates on the scroll, we may assume
that X contains the following 3 planes:

H1 = {to = X9 = 0} C X(O:l)
HQ = {tl = X3 = 0} C X(I:O)
H3 = {t() +t =24 = 0} C X(l:l)

Step 4. The cubic fibration X has at most 4 reducible fibres.

I argue by contradiction. Assume that X has at least 5 reducible fibres
and denote by IIy, - - -, II5 planes that lie in distinct reducible fibres. Denote
by IT;, - - -, ITf C P* the planes lying on Y naturally associated to Iy, - - -, IT5.
Recall that Step 1 shows that at most 1 of the planes I1}, - - - , II{ is isomorphic
to II. Without loss of generality, I may assume that the four planes I}, IT}, TT§
and II) are distinct from II and denote by L; = IINII; for 1 <1 < 4. Steps
2 and 3 show that the lines L; C II are distinct and that no three of these
lines meet at a point. Up to change of coordinates, we may therefore assume
that:

H1 = {to = T2 = 0} C X(O:l)
H2 = {tl = T3 = 0} C X(l:O)
I3 = {t() +i =24 = 0} C X(l:l)

and that
Iy = {to + Mty = axy + bxs + cxy + (to, t1)x =0} C X(1:3)5

where a, b and c are constants and [ is a linear form. The constant A\ # 0, 1 or
oo because no two of the planes II; lie in the same fibre of X. The constants
a,b and c¢ are all non-zero, as otherwise either two of the lines L; coincide, or
three of the lines L; meet at a point. Up to rescaling, we may assume that:

H4 = {to + )\tl = T2 + xT3 + Ty =+ l(to,tl).]? = 0} C X(l:)\)-

Claim 5.2.10. The plane II C Y is not I1.

If X has a fifth reducible fibre containing a plane II5 such that Il = II,
X contains a plane of the form:

H5:{t0—|—ﬂt1:l’:0}.
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with pu # 1,0, 00, \.
The equation of X may be written uniquely in the form:
A<t07 tl)xg—i_B(tO? t17 X2,T3, x4>x2+0(t07 tla X2,T3, x4>x+D<t07 t17 X2,T3, x4> = O?

(5.4)
with D in the ideal

{tol’gi&;(l’z —+ xT3 -+ 513'4), t1£C2£IZ'4($2 -+ T3 —+ %4),
(to + t1)$2$3($2 + x5+ 584), (to + >\t1)1‘21‘3$4}, (55)

i.e. D is a linear combination of the above monomials.
In the expression (5.4), D has to be of the form

D(to, t1, k2, x3,x4) = (to + pt1)P(xa, 3, 24),

with P a polynomial of degree 3. Writing D as a linear combination of the
4 monomials in (5.5) shows that the only possibility is for D to be equal to
a scalar multiple of one of these monomials. In this case, p is equal to one
of 0,1, 00 or A, so that II; lies in one of the fibres above (0: 1),(1:0),(1:1)
or (1, A). This is a contradiction.

Claim 5.2.11. X cannot have a fifth reducible fibre that contains a plane Il
such that 11§ is distinct from IL.

If X contains such a plane IlI5, the equation of Il is of the form:
H5 = {t(] + ,ut1 = axg + 61’3 + YTy + l/(to,tl)l’ = 0}7

where [’ is a linear form and «, § and v are constants. As any three lines of
Ly,---, Ls have to satisfy the conditions of Steps 2 and 3, a, 3 and v are all
non-zero. | may assume that o = 1. Considering triples of lines (Ly, Ls, L;)
for 1 <i <3 showsthat 5 #1,v# 1, and (B:7) # (1:1).

In the expression (5.4), D(ty,t;) may be written as a linear combination
of the monomials

{t0x3x4(:v2 —+ I3 -+ 1'4), t1$21‘4(l’2 -+ I3 + $4),
(to + t1)$2$3(l’2 —I— T3 —f- ZL‘4), (t[) —I— )\tl)fbgl'3$4}
or as a linear combination of the monomials

{t0$3$4<l’2 + ﬁl’:g + ’}/1’4>, t1I21’4(l’2 + 6.733 + ’)/ZL’4),
(to + t1)zows(ze + Brs + ya4), (Lo + pit1)Tew374}



80 CHAPTER 5. FANO 3-FOLDS CONTAINING A PLANE

Equating these two expressions, one finds that either D =0 or A = p. If
D =0, every fibre of X is reducible and this yields a contradiction. If A = p,
I15 is contained in the reducible fibre over (1 : \).

This show that X has at most 4 reducible fibres. O]

I have proved the following:

Theorem 5.2.12 (Main Theorem 1). Let X? C P* be a quartic 3-fold. Then
the defect of X is at most:

1. 8 if X does not contain a plane or a quadric,
2. 11 if X contains a quadric but no plane,
3. 15 if X contains a plane.

Remark 5.2.13. Let Y be a terminal Gorenstein Fano 3-fold of Fano index
1. Denote by g its genus. It is known that if ¢ > 6, Y does not contain a
plane. If g is equal to 4 or 5 and if Y contains a plane II, a similar analysis
can be carried out. Let X be the crepant blow up of II. Projecting Y away
from II shows that X is a conic bundle over P? if g = 4, and is birational to
P3 if g = 5. I make the following conjecture:

Conjecture 5.2.14. 1. The defect of a non Q-factorial terminal Goren-
stein Ya3 C P° with Picard rank 1 is at most 8,

2. The defect of a non Q-factorial terminal Gorenstein Ya 29 C P with
Picard rank 1 is at most 8,

3. The defect of a non Q-factorial terminal Gorenstein Fano 3-fold with

Picard rank 1 of genus g > 6 is at most [12779] + 5.

Remark 5.2.15. I would like to conjecture that the defect of a terminal
Gorenstein double sextic with Picard rank 1 (g = 2) is at most 18. I unfor-
tunately have no evidence to support that conjecture.



Chapter 6

Deformation Theory

Let X be a weakx Fano 3-fold and Y its anticanonical model. In this chapter,
I show that deformation theory can be used to determine invariants of the
intermediate weak* Fano 3-folds X; and to describe the extremal contractions
encountered when running the Minimal Model Program on X. It follows from
Namikawa’s results (Theorem 6.2.8) and from Lemma 2.2.7 that the degrees
of the intermediate weak* Fano 3-folds X; can only take values among the list
of degrees of non-singular Fano 3-folds with Picard rank less than or equal
to p(Y), the Picard rank of Y. This result has been used in Chapters 4 and
5 to bound the Picard rank of X, and hence the defect of Y. I show that
each step ¢;: X; — X;y1 of the MMP on X can be deformed— in a suitable
sense— to the contraction of an extremal ray on a non-singular weak Fano
3-fold with Picard rank 2.

First, I recall the set-up of the theory of deformation functors of Sch-
lessinger and Lichtenbaum [LS67]. Second, I survey results obtained by Fried-
man and Namikawa on the deformation theory of generalised Fano 3-folds
[Nam97, Fri86]. Generalised Fano 3-folds are algebraic 3-folds that admit a
small birational proper map to a Fano 3-fold Y with terminal Gorenstein sin-
gularities. Weaks* Fano 3-folds are generalised Fano 3-folds, but the category
of generalised Fano 3-folds is larger, as it does not require Q-factoriality. For
instance, any small partial Q-factorialisation of a terminal Gorenstein Fano
3-fold Y is a generalised Fano 3-fold. Third, I recall and extend some results
of Kollar and Mori [KM92] on deformations of extremal contractions.

81
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6.1 Theoretical setup

Let k be a field and let A be a complete local noetherian k-algebra with
residue field £ and maximal ideal my. Consider C,, the category of local
A-algebras with residue field k& and local homomorphisms.

Definition 6.1.1. Consider a covariant functor F': Cy — Sets.

1. Let kle] with €2 = 0 be the ring of dual numbers over k; the tangent
space to F is tp = F(k[e]).

2. The functor F' has a hull if there exists a complete local A-algebra R
and a morphism

Cbi Homlocal A-algebraS(Ra ) - Fa

such that for all A € Cy, ¢(A) is surjective, and such that ¢ induces an
isomorphism on tangent spaces.

3. The functor F' is pro-representable if it is isomorphic to a functor of
the form:
F~ Homlocal A-algebras<R7 ')7

with R a complete local A-algebra such that R/m?, € Cy for all n.
4. Let AJA" € Cp and p: A — A be a morphism. The morphism p is a

small extension if ker p is a principal ideal annihilated by the maximal
ideal of A’.

Schlessinger states the following conditions for a functor of Artin rings to
have a hull or to be pro-representable.

Theorem 6.1.2 ([Sch68]). Let F': Cy — Sets be a covariant functor such
that F (k) is restricted to one element (e). Let A, A" and A" be objects of Cx,
and let A — A and A” — A be morphisms in Cy. Consider the natural map:

wA,A’,A”z F(A/ XA AH) — F(A/) XF(A) F(A”)
1. F has a hull if and only if the following conditions H1 to H3 hold:

[H1] 14 a1, av is a surjection whenever A” — A is a small extension,
[H2] Y ar i) is a bijection, so that F(A" xy kle]) >~ F(A") X (o) tp,
[H3] dimy, tr is finite.
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2. F is pro-representable if moreover:

[HA] For any small extension A" — A, 1 a4 is a bijection.

Remark 6.1.3. 1. The condition H2 applied to A" = k[W] for W a k-
vector space endows tr with a canonical k-vector space structure.

2. Let A be an element of Cy and let I be an ideal annihilated by the
maximal ideal of A; A x 4,7 A is naturally isomorphic to A xj, k[I] by
the map sending (z, y) to (z, zo—x+y), where z( denotes the k-residue
of z.

Let p: A — A be a small extension with kernel I. If condition H2
holds, 14,4/ 4 may be written:

Yaaa: FIA) Xpa) (tr @ I) = F(A") X pay F(A').

For any n € F(A), v defines a group action of tx ® I on F(p~t(n)) C
F(A’). Condition H1 ensures that this action is transitive, while condi-
tion H4 makes F(p~'(n)) a formally principal homogeneous space (i.e.
a torsor) under tp ® I.

If the first three conditions are satisfied, pro-representability is ob-
structed by fixed points of the action of tp ® I. In the geometric
setting, a point ' € F(p~!(n)) is fixed under the action of tr ® I, if
there is an automorphism of an object y € [n] that cannot be extended
to an automorphism of some object of [1/].

Let C be the category of complete local A- algebras A such that A/ ml €
Cx for all n. The functor F can be extended to C by defining F(A) a
projLim F(A/m%). For any such ring R € C, hy = Hom(R,") deﬁnes a
functor on C. For any functor on C, there is a canonical isomorphism F (R) ~
Hom(hg, F).

Definition 6.1.4. 1. (A,¢) is a pro-couple for F' if A € C and & € F(A).
A morphism of pro-couples u: (A, &) — (A’,¢’) is a morphism in C such
that F'(u)(§) =¢'.

2. A pro-couple (R,¢) for Fis pro-representing if hg — F' is an iso-
morphism induced by ¢ in the following sense. Since by definition
¢ = projLim¢,, € F(R), it is possible to associate to £ a morphism of
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functors @, defined as follows: for any morphism u: R — A factoring
through u,: R/m}, — A for some n, let

Be(A) : u € hp(A) — Flup)(&) € F(A).

Let X be a pre-scheme over k. An infinitesimal deformation of X/k to a
local A-algebra A is a diagram:

X Y
Spec k —— Spec A,

with X ~ Y Xgpeca Speck. The pre-scheme Y is required to be flat over
Spec A and i is necessarily a closed immersion.

If Y'/A is another infinitesimal deformation of X/k, it is equivalent to
Y/A if there exists a morphism of pre-schemes f: Y — Y’ defined over A
that induces the identity on the closed (or central) fibre X.

Given a deformation Y/A and a morphism A — B, there is an induced
deformation (Y ®4 B)/B. The notion of morphism of deformations is thus
well defined.

Define a deformation functor D of X/k by associating to each local A-
algebra A the equivalence class of infinitesimal deformations of X/k to A.
Notice that D(k) = {X/k}. Let the obstruction space T' of D be the space
making, for any A, A’ € C and p: A’ — A small, the following sequence exact:

D(A") - D(A) —» T @ kerp — 0.

The definition of the obstruction space is functorial and is consistent with
Remark 6.1.3.

Theorem 6.1.5 ([Sch68]). If X is proper over k, then D has a hull (R,¢).
The pro-couple (R, &) pro-represents D if and only if, for each small extension
A" — A and for each deformation Y'/A" of X/k, every automorphism of the
deformation Y' @4 A is induced by an automorphism of A.

Definition 6.1.6. Let X be a projective variety. The Kuranishi space
Def(X) of X is the hull of the functor D, that is, the semi-universal (or
miniversal) space of flat deformations of X/k. If D is pro-representable, the
pro-representing couple (Def(X), X’) is a universal deformation object and
X is called the Kuranishi family of X.
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Lichtenbaum, Schlessinger [LS67] and Illusie [I1171] make explicit the re-
lation between the problem of infinitesimal deformations of X/k and that
of extensions of local A-algebras. In that spirit, they relate infinitesimal
deformations of X/k to the cotangent complex of X.

Proposition 6.1.7 ([LS67, 1171]). Let X be a proper locally complete in-
tersection (lci) variety. Let A € Cn. The obstruction to the ezistence of a
flat deformation of X/k to A is a class w lying in Ext*(Q%,Ox). If w is
zero, the isomorphism classes of deformations of X/k to A is a torsor un-

der Ext*(Q%,Ox) and the group of automorphisms of a given deformation
is canonically identified with Ext’(Q%, Ox) = Hom(Q%, Ox).

Remark 6.1.8. In particular, if Ext*(Q},Ox) = (0), the Kuranishi space
Def(X) of X is a smooth analytic complex space. The tangent space of
the deformation functor (and of Def(X) at the origin) is Ext'(QY, Ox). If
Hom(QY,Ox) = (0), the deformation functor of X/k is pro-representable
(or, equivalently, the Kuranishi space is universal). The functor of first or-
der local deformations is defined similarly, and is controlled by the sheaves

SXtZ(Q}X, Ox)

Let (X, D) be a pair of a normal 3-fold over k and an effective Cartier
divisor. An infinitesimal deformation of the pair (X, D)/k to a local A-
algebra A is a proper flat morphism X4 — Spec A together with an effective
divisor D4 on X4, such that X4 Xgpeca Speck = X and Dy Xgpec 4 Speck =
D.

Define, as above, a deformation functor D’ of (X, D) by associating to
each local A-algebra A the equivalence class of infinitesimal deformations of
the pair (X, D) to A; in particular D'(k) = {(X, D)/k}.

I recall Kawamata’s construction of the sheaf Q% (log D) of logarithmic
differential forms [Kaw85] when D is a not necessarily non-singular effective
Cartier divisor.

Let X be a complete algebraic variety, (D;), e a finite number of effective
divisors, and let D be the Cartier divisor D = ) ._; D,. The Cartier divisor
D does not necessarily have normal crossings.

Let U = Spec A C X be an affine open subset with a closed embedding
U — R into a non-singular affine algebraic variety R = Spec B such that:

je€J

1. Foreach j € J, D;,NU = (h;) with h; € Ais extended to a non-singular
prime divisor D’ = (h}) with b, € B on R;
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2. the divisors D’ intersect transversally.

Denote by D" = (h’) the normal crossings divisor .. ; D} on R.
The usual residue exact sequence for a normal crossing divisor D’ on a
non-singular affine algebraic variety R = Spec B is:

0 — Qj — Qp(log(h')) — @ B/(h;) — 0.

jeJ
The sequence

0— Q@5 A Qp(log(h) @5 A — @) B/ () @5 A= A/(h;) — 0
jeJ jeJ
(6.1)
is also exact, because Tor?(B/ (h}), A) is trivial. Let I be the ideal of B such
that A = B/I, so the conormal sequence is:

/12— Qb eop ALl —o. (6.2)

The exact sequence (6.1) pushed forward along 3 yields an extension of mod-
ules:
0— QY = M— EPA/(h;) — 0, (6.3)
jeJ
where the module M is

(O (log()) ©5 4) &

M=o 5@ o5 A)

If e;,j € J, are the images in M of the elements %_; € Qk(log(h')), M is
J
generated by 4 and the elements e;.

Definition 6.1.9. The sheaf Q!(log D) is defined locally by setting
Q4 (log D) = M.

Remark 6.1.10. If X is non-singular and D has normal crossings, the defi-
nition of Q% (log D) agrees with Deligne’s definition. Note however that the
sheaf Q% (log D) may have torsion, even when X is non-singular.

Remark 6.1.11. The residue sequence (6.3) is exact.
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Lemma 6.1.12. [Kaw85, Gro62] Let (X, D) be a pair comprising a normal
complete 3-fold and an effective Cartier divisor. Assume that X and D have
no worse than isolated l.c.i. singularities. The infinitesimal deformations
of the pair (X, D)/k are controlled by Q% (log D). Let A € Cy. The ob-
struction to the ezistence of a flat deformation of (X, D)/k to A is a class
w lying in Ext*(Q%(log D), Ox). If w is zero, the isomorphism classes of
deformations of (X, D)/k to A is a torsor under Ext'(QY (log D), Ox) and
the group of automorphisms of a given deformation is canonically identified
with Ext’(QY (log D), Ox) = Hom(Q% (log D), Ox).

Remark 6.1.13. Let p: X — X be a good resolution of the pair (X, D).
By definition of pu, the divisor Exc(u) U 15, where D is the proper transform
of D, has simple normal crossings. Denote by E the union of p*(D) and
of some irreducible components of the exceptional locus of y. Kawamata
proves [Kaw85] that there is a natural transformation of functors D" — D',
where D’ is the functor of deformations of (X, D) and D" the functor of
deformations of (X, E). This is consistent with the construction of the sheaf
Q% (log D), which can be interpreted as relating Q (log D) to Q% (log D) for
a good resolution p of the pair (X, D).

6.2 Deformations of generalised Fano 3-folds

Definition 6.2.1. A 3-fold X is a generalised Fano 3-fold if there exists a
small birational proper morphism X — Y to a Fano 3-fold with terminal
Gorenstein singularities.

Remark 6.2.2. 1. Note that X is a weak Fano 3-fold; in particular X
has terminal Gorenstein singularities.

2. A weakx Fano 3-fold is a generalised Fano 3-fold, but the notion of gen-
eralised Fano 3-fold does not require Q-factoriality. Any small partial
Q-factorialisation of a terminal Gorenstein Fano 3-fold is a generalised
Fano 3-fold.

Let X be a generalised Fano 3-fold and let D be a general section of the
anticanonical linear system | — Kx|. Let Y be the anticanonical model of X.

Recall that Theorem 3.1.7 shows that a general member D of | — Kx| is
a K3-surface with no worse than Du Val singularities. The pair (X, D) is
therefore log canonical. Let Sing(X) U Sing(D) =% ={P,---, P, }.
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If Y is not birational to a special complete intersection with a node Xy C
P(1%,2,3), there always exists a non-singular section of | — Kx|. If Y is, in
addition, not monogonal, the general section D € | — Kx| is non-singular.
In particular, if Y has Picard rank 1 and genus g greater than or equal to 3,
the general section D is non-singular.

Remark 6.2.3. I use in this section some results on the Hodge theory of
surfaces with rational double points. If Z has isolated quotient singularities
and if j: Z \ Sing(Z) — Z is the natural inclusion, the complex of coherent
sheaves Q3 = 7+ (€2 _sing(z)) 18 & resolution of the constant sheaf C [SteT7].

For each p, (AZZ coincides with the double dual of Q7. The spectral sequence
of hypercohomology EP? = H?(Z, Q%) abuts to H?*4(Z,C), degenerates at
E; and the induced filtration on H?*9(Z,C) coincides with the canonical
Hodge filtration. If v: 7 — 7 is a resolution of singularities, the complexes
(2%, and I/*Q.Z are equal.

Lemma 6.2.4. [Nam97, Kaw92] Let X be a generalised Fano 3-fold and D
a general anticanonical section. Then:

1. Def(X) and Def(X, D) are smooth.
2. Def(X, D) is universal.

3. The natural map ¢: Def(X, D) — Def(X) is smooth.
Proof. Denote by QX (log D) the sheaf of logarithmic differential forms as

constructed in Definition 6.1.9; Q% (log D) is not, in general, locally free at
points P; € ¥ = Sing(X) U Sing(D).
By Proposition 6.1.7, the Kuranishi spaces Def(X) and Def(X, D) are
smooth analytic spaces if:
Ext*(Q% (log D), Ox) = Ext*(Q%, Ox) = (0).
The residue exact sequence (6.3)
0— Q% — Q%(logD) — Op — 0

yields the exact sequence of Ext groups:

0 — Hom(Op, Ox) — Hom(Q% (log D), Ox) — Hom(Q%, Ox) —
— Ext’(Op, Ox) — Ext'(Q%(log D), Ox) — Ext'(Q%, Ox) —
— Ext*(Op, Ox) — Ext*(Q%(log D), Ox) — Ext*(Q%,0x) — -+ (6.4)
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Claim 6.2.5. The Ext groups Ext'(Op,Ox) fori=0,1,2 are as follows:
Ext’(Op, Ox) = Ext*(Op, Ox) = (0)
Ext!'(Op, Ox) = H(X,0p(D)).
The standard resolution of the sheaf Op
0— Ox(—D)— Ox - Op —0
yields the long exact sequence of £xt sheaves:
0 — Hom(Op, Ox) — Hom(Ox,Ox) — Hom(Ox(—D),0x) —
— ExtY(Op, Ox) — Ext}(Ox, Ox) — Ext (Ox(=D),0x) — - --
As Ox and Ox(—D) are locally free,
Ext'(Ox(=D),0x) = Ext'(Ox,O0x) =0

for all i > 0. The sheaf Hom(Op, Ox) is trivial and the long exact sequence

reduces to
0— OX — Ox(D) — 5Xt1(OD,Ox) — 0.

This shows that Ext’(Op, Ox) = 0 for i # 1 and Ext'(Op, Ox) = Op(D).
The local-to-global spectral sequence of Ext sheaves and groups has F; term
E{)’q = Hq(X, 5ti(0D, Ox)),
and abuts to Ext?™(Op, Ox). This shows that Ext"(Op,Ox) = (0) and

that the following sequence is exact [God73]:
0 — HY(X,Hom(Op,Ox)) — Ext'(Op, Ox) — H°(X, Ext' (Op, Ox))
— H*(X,Hom(Op, Ox))) — Ext*(Op, Ox) — 0
In particular, Ext*(Op, Ox) = (0) and Ext'(Op, Ox) = H’(X,Op(D)).
Step 1. The Kuranishi spaces Def(X) and Def(X, D) are smooth.

As Ext?(Op, Ox) = (0), if Ext*(Q4, Ox) = (0), both Def(X) and Def(X, D)
are smooth by (6.4).

The group Ext*(Q%,Ox) is Serre dual to H'(X, Q% ® wy). The exact
sequence

O—>Q§<®wX—>Q§(HQ§(|D—>O
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yields the long exact sequence of cohomology groups:

0— H'(X, Q% ® wx) — H(X, Q%) — H(X,Qxp) —
— H'(X,Qk @ wx) — H'(X,Q4) 5 H'(X, Q% p) — -~ (6.5)
The conormal sequence is exact because D is a Cartier divisor, hence:
0— Op(—D) — Q}X|D — Qp — 0.

This shows that H°(X, Q%) = (0). Indeed, D is a K3 surface with Du
Val singularities; by Remark 6.2.3, H'(D,QL) = HY(D,Op) = (0). The
divisor D is nef and big, hence by the Kawamata-Viehweg vanishing theorem
H°(D,Op(—D)) = (0). The map Q% — QL is an injection because QL is
torsion free; thus HO(X,Q}) = HO(X, Q}) = (0) and H(X, Q% ) = (0).

Consequently, it is sufficient to show that the map f in (6.5) is injective
in order to complete the proof.

The surface D is a K3 with no worse than Du Val singularities, hence
HY(D,Op) is trivial. The map

1 ~
z—leg Hl(D, O*D) Xz C— H1<D, QlD)

17T

is injective and factors through H'(D, Q}):
1
leog: HY(D,0}) ®7C — H'(D,Qp)
i

is also an injection.
The following diagram is commutative:

HY(X,0%) ®, C—L~ H(D,0%) @, C
Ziﬁdlogl'v Qifrdl‘)gi

H'(X, Q%) ——— H'(D,Q}).

The conormal sequence shows that k factors through 3, hence the morphism
HY(X, Q%) — H'(D,QYp) is injective.

Claim 6.2.6. The natural restriction map Pic X — Pic D is injective.
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Following [Har70], one shows that the pair (X, D) satisfies the Lefschetz
condition, i.e. that for any coherent sheaf F, the cohomology groups H*(X —
D, F) are trivial for ¢ > 1. Denoting by X a formal completion of X along
D, PicX — Pic X is then an injection. The natural map Pic X — Pic D is
also an injection because Op(—D) is nef and big. In the above diagram, j is
injective.

Claim 6.2.7. If X is a generalised Fano 3-fold, the map

1
leog: HY(X,0%) ®,C — H(X,Q%)

17T

s an isomorphism.

Let pu: X — X be a good resolution of X. The Leray spectral sequence
shows that the cohomology groups H'(X,0O%) = H'(X,Ox) because the
singularities of X are rational. As X is a generalised Fano 3-fold, by the
Kawamata-Viehweg vanishing theorem, H'(X,0%) = (0) for ¢ > 0. The
map

1 . 1/ v * /v Ol 2/ v
%dlog.H (X,0%)®,C — H(X,Q%) ~ H(X,C)

is an isomorphism. Note first that when X has isolated hypersuface singu-
larities and P € Sing(X), the local cohomology groups H{p (X, Q) = (0)
for i = 0,1 [Nam94]. This implies that the natural map Qy — p.Q% is an
isomorphism. The diagram

04>H1(X, M*Q}() — Hl(X, Qﬁ() 4>H1()?,Qi~() 4>H0(X, Rlu*Qﬁ})

| | |

OHHl(XMM*O}) = Hl(Xu O;{) *)Hl(jz,o}> *)HO(X7 Rlﬂ*o})

is commutative. The second vertical map is surjective by the Hodge de-
composition of the non-singular 3-fold X. It is sufficient to prove that
H(X, R'1,0%) — H°(X, R'1.Q2%) is injective. This can be done exactly as
in [Nam94]. Denote by E the exceptional divisor of the resolution p, by V' a
neighbourhood of E in X, and by L a line bundle in V. If s-dlog(L) =0 in
HO(X, R'1.Q% ), then L is p-numerically trivial. The 3-fold X has rational
singularities: it follows that L is a torsion line bundle on V.

The map k, and hence £, is an injection; thus Def(X) and Def(X, D) are
smooth analytic spaces.
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Step 2. The group Ext®(Q% (log D)) is trivial; the Kuranishi space Def(X)
1S universal.

By Serre duality, it is sufficient to prove that:
H*(X, Qx(log D) ® wx) = H*(X, Q (log D)(-D)) = (0).

The sequence

0 — Q%(logD)(—D) — Q% — QF — 0
is exact. As D is a K3 surface with rational double points, 2}, is torsion free
and the natural map 0 — QL — Q}, has cokernel supported at the singular
points. In particular, H*(D, QL) = H*(D,Q}) = (0) by Hodge symmetry.
It is sufficient to prove that H3(X, QL) = (0).

The group H3(X,0%) is Serre dual to H*(X,0x(—D)), where Ox de-
notes Hom(Q%,Ox). Let X — X be a good resolution of X. Since X has
terminal singularities, f.(@3 ® Kg) = ©x ® Kx. The cohomology group
H3(X ,Q%) is trivial by Hodge symmetry on the non-singular generalised
Fano X ; the result follows.

Step 3. The natural map ¢: Def(X, D) — Def(X) is surjective.

The long exact sequence (6.4) shows that this follows from triviality of
the group Ext*(Op, Ox). ]

The canonical local-to-global spectral sequence of Ext groups relates global
to local first order deformation functors and reads:

0 — H'(X,Hom(Qy, Ox)) — Ext'(Q%, Ox) = H°(X, Ext' (2, Ox)) —
— H*(X,Hom(Q%, Ox)).
The map « can be regarded as the homomorphism between the space of
first order global deformations and the space of first order local deformations.
If « is surjective, X can be deformed to a non-singular 3-fold, which can be

shown to be a generalised Fano (Remark 6.2.21).
Define similarly the homomorphism:

ot Bxt!'(Q(log D), Ox) — HO(X, Ext' (2 (log D), Ox)),

which relates the spaces of global and local first order deformations of (X, D).
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Theorem 6.2.8. [Nam97] Let X be a generalised Fano 3-fold with terminal
Gorenstein singularities. Then X can be deformed to a non-singular gener-
alised Fano 3-fold. In particular, any Fano 3-fold with Gorenstein terminal
singularities is smoothable by a flat deformation.

More precisely, if X has no worse than ordinary double points, « is surjec-
tive. In the general case, there is a “good” direction € Ext'(Q% (log D), Ox)
such that deforming X along 7 improves the singularities. After finitely many
infinitesimal deformations along “good” directions, X becomes a generalised
Fano with no worse than ordinary double points. I give an overview of
Namikawa’s proof.

Sketch Proof. Let ©x = Hom(Q%,Ox) be the dual of the cotangent sheaf
and T% = Ext'(QY, Ox).

Step 1. Assume that X has no worse than ordinary double points; then there
is a smoothing of X.

Lemma 6.2.9. [Nam97, Fri86] If X has no worse than ordinary double
points, the cohomology group H*(X,Ox) is trivial. In particular, o is sur-
jective and X is smoothable by a flat deformation.

Proof of Lemma 6.2.9. Let 7: X — X be a small resolution of X. By
definition, the exceptional locus of m above an ordinary double point P;
is a rational curve C; with normal bundle N g = Om(—1) ® Om(-1).
Friedman shows that if the only singularities are ordinary double points,
H(X,R'm.0%) = (0) [Fri86].

The spectral sequence for Rm,0 ¢ yields the exact sequence [God73]:

HY(X,03) — H'(X, R'n,05) — H*(X,0x) — H*(X,053).

It is therefore sufficient to prove that H2(X,© %) = (0). By Serre Duality on
tEle non-singular 3-fold X, H*(X, 0 %) is dual to H*(X, Q}( ®ci);) Denote by
D the proper transform of D by 7. The map « is small, hence D is a section of
— K ¢ and is a K3 surface with no worse than Du Val singularities. Tensoring

the residue exact sequence of ()? , 5) by K 5 shows that the following sequence
is exact:

O—>Q§~(®wi%Q%(logﬁ)@)w;{ﬁ@ﬁ@wgﬁ& (6.6)
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The line bundle —Kg 5 is nef and big, so that H(D,wg @ Op) = (0)
by the Kawamata-Viehweg vanishing theorem. The long exact sequence in
cohomology associated to (6.6) shows that if

H'(X,9%(log D) ® wg) = H'(X, Q% (log D)(~D)) = (0),
then H'(X, QL ®wg) = (0). The sequence
0 — QL (log D)(—D) — QL — QL —0 (6.7)

is exact. The surface D has no worse than Du Val singularities and Q%
is torsion free, so that QF — @}3 is an injection. The cohomology group
HO(D,Q%) is trivial because D is a K3 surface and H°(D, (AZ%) = (0). As
PicX — PicD is an injection, H'(X,Q%) — Hl(D,ﬁ%) is an injection.
In addition, since it factors through Hl(D,Q%), the map Hl(X,Q}() —
H' (D, Q%) is also an injection.

The long exact sequence in cohomology associated to (6.7) shows that
HY(X, Q% (log D)(—D)) = (0); this completes the proof. O

Step 2. We define an invariant u(P;) for all P; € Sing X, which is strictly
positive unless P; is an ordinary double point.

Let X be a generalised Fano 3-fold and let P; € ¥ be a singular point. As
will be made clear in Lemma 6.2.16, if i > 0, there is a small deformation n
of X which “improves” the singularity at F; in the following sense: for any
resolution X — X of the singularity at P;, n is not in the image of the map

Def(X) — Def(X).

I first state some results on the local cohomology groups at the singu-
lar set of the sheaves Ox(log D). Recall that ¥ = Sing(X) U Sing(D) =
{Py,---,P,}, that U = X \ X, and denote by U; a Stein open neighbour-
hood of P, in X.

Lemma 6.2.10. [Nam97]

1. H{p,(Ui,Ox(—log D)) = H'(U; \ {P;},0x(—1log D)) and both are
equal to H°(U;, Ext(Q% (log D), Ox)).

2. H3(X,Ox(—log D)) = H'(U, O x(—log D)) = Ext! (2% (log D), Ox)).
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Sketch of proof. Let D; = DNU,; and denote by U} (resp. D}) the punctured
neighbourhood U;\{P;} (resp. D;~{P;}). If D; is empty, the result is proved
by Schlessinger [Sch71]. The first equality is obtained by comparing the long
exact sequences of Ext groups associated to the residue exact sequences of
(U;, DNU;) and (U}, D).

The second equality is obtained by comparing the local-to-global spectral
sequence of £xt sheaves and Ext groups with the long exact sequence of local
cohomology at the place ¥ of the sheaf © x(—log D). O

Let V be the germ of an isolated rational singularity and let V be a
resolution of V.

Definition 6.2.11. [Nam97]
: 1 .l m* 117 Ol
w(V) = dimg Coker[%dlog. H(V,05)®@C — H(V,Q5)]

Namikawa shows [NS95] that u(V') is independent of the chosen resolu-
tion.

Lemma 6.2.12. [NS95] Let V be a terminal Gorenstein singularity of di-
mension 3. Then p(V) = 0 if and only if V' is non-singular or if V is an
ordinary double point.

Let f: V —>Vhbea good resolution of the germ of a terminal Gorenstein
singularity and let D C V' be a Cartier divisor with no worse than a rational
double point at the singular point. Let F' = D U E, where D is the proper
transform of D and E is the exceptional divisor of f. The divisor F' has
simple normal crossings and D is a resolution of a sufficiently small open
neighbourhood of a rational double point on D.

Lemma 6.2.13. [Nam97] Using the above notation, the following hold:
1. H(F,0%) ~ H'(E,0%).
2. HY(F,QL) ~ H'(E,QL).

3. In the natural commutative diagram

HY(V,QL) — HY(F, QL)

¢T Tﬁwdlog

HY(V,0%) ®; C "~ H'(F,0;) @z C,
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o' is an isomorphism and 5-dlog is a surjection.
1T

Sketch proof of Lemma 6.2.13. This Lemma follows from computations sim-
ilar to the ones detailed in the Appendix 2.3. A base change diagram in the
fashion of [GNAPGPSS8]| gives a resolution of Qy in terms of Qp and Qg.
The Mixed Hodge theory of E and F' is then determined by a Mayer-Vietoris
resolution. The computations of the cohomology groups and properties of
Hodge numbers of generalised Fano 3-folds yield the results. O]

Step 3. The invariants p(P;) can be used to identify a “good” direction of
deformations of the pair (X, D).

Let f: X=X be a good resolution of X and let F' be the simple normal
crossing divisor £'U D.

Claim 6.2.14. There is an injection
O (—log F) = Hom(Q% (log F), Ox) — Q%(log F).

Since the pair (X, D) has log canonical singularities, K+ F is an effective
divisor. The exact sequence

0— Q%(logF)(—F) — 03— QL =0
shows that Qi? (log F') ~ O (K ¢+ F) because Q3. is trivial. The cup product

map % (log ') @ Q%(log F) — Ox (K5 + F) gives the desired injection.
Recall that ayeg is defined as

Quog: Ext'(Q(log D), Ox) — HO(X, Ext' (24 (log D), Ox)).

Lemma 6.2.10 identifies the morphism oyes with the coboundary map of local
cohomology

H'(U,©x(—1log D)) — Hg,, x(X,Ox(—log D)).
As Q% (log D) ;; ~ Ox(~log D),;; and
H{QPZ,}(X, f*Q%((log F)) ~ H{QPZ,}(X, Ox(—log D)),
the diagram

H'(f7(U), % (log F)) —— @ H3, (X, Q% (log F)) —"—~ H*(X, 0% (log F))

T T@

H'(U,0x(—log D)) — H}, (X, Ox(—log D))

1S commutative.
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Lemma 6.2.15. [Nam97] Assume that P; € X is neither non-singular nor
an ordinary double point; then ~y; is not an injection. Moreover, dim ker ~; >

1(U;).

Sketch proof of Lemma 6.2.15. Set V; = f~(U;) for U; a contractible Stein
open neighbourhood of {P;}. Consider the dual map

v HY(X, Q% (log F) ® Og(—F)) — H'(V;,Q, (log F) ® Oy, (~F)).

Namikawa shows [Nam97] that dim Coker~; > u(U;) by studying the long
exact sequences in cohomology on X and V; associated to

0 — Q%(log F)(—F) — Q% — QL — 0,
0— Q%/i(logF)(—F) — Q%/Z — Q}?mvz — 0

and the commutative diagram:

HY(Vi, ) ——"—= H'(F}, Q)

4 Tm}ﬂdlog

Hl(‘/laoik/) ®Z (CL)Hl(F7 O;}) ®Z (C
[

Let (3; be the natural morphism from the space of global first order de-
formations of (V;, F}) to the space of local first order deformations of (U;, D;)
defined as follows:

Bi: HY(V;, Oy, (—log F)) — H'(V; \ E;, Oy.(—log F))
~ H'(U; \ P;,0y,(—log D)) ~ H(U;, Ext' (Q% (log D), Ox)).

Lemma 6.2.16. [Nam97] There is an element n € Ext'(QY, Ox) such that
Qog(n);i is not in the image of B;, for all i such that P, € X is neither non-
singular, nor an ordinary double point.

Proof of Lemma 6.2.16. By Lemma 6.2.15, if P; is neither non-singular nor
an ordinary double point, v; is not injective.

There is an element 7 € Ext'(Q% (log D), Ox) such that 7;(aieg(n)i) # 0.
The map 7; factors as:

Hip\ (X, 0x(—log D)) = H (X, 05(~log F)) — HE (X, 0% (log F)).



98 CHAPTER 6. DEFORMATION THEORY

In particular, 7/(aieg(n):) # 0, and as the spectral sequence of local cohomol-
ogy reads

HO(Xa le*@)?(_ IOgF)) &) H?PZ}(Xa @X(_ IOgD)) l) H%)(‘)?ag)?(_ IOgF)),

Qog(1); is not in Im ;. O

Step 4. After a finite number of deformations along distinguished directions,
X becomes a generalised Fano 3-fold with no worse than ordinary double
points.

Let g;: (U;, D;) — Def(U;, D;) be the universal family. Let g: X — S be
a smooth morphism and let D = ) D, be a divisor of X with simple normal
crossings.

Definition 6.2.17. The morphism g: (X,D) — S is log smooth if

1. D, = > D;, is a divisor of A; with simple normal crossings for each
t €S and

2. for any point p € X, g is locally a trivial deformation of (X}, D;) around
9(p) =t.

Remark 6.2.18. Notice that g; is log smooth over a non-empty Zariski open
subset SY C Def(U;, D;) by Sard’s theorem.

Namikawa constructs iteratively a stratification of Def(U;, D;) into locally
closed non-singular subsets with the following properties:

1. Si C Def(U;, D;) is a Zariski open subset and g; is log smooth over S.

2. Si is a locally closed non-singular subset of pure codimension, and
Codim(S¥, Def (U;, D)) is strictly increasing with k.

3. Ifk>1,S.NSi=0.

4. (U;, D;) has a simultaneous resolution over each S%, that is, there exists
vi: Vi, F;) — (Ui, D;) aresolution over S}, such that gFovt: (V;, F;) —
SF is log smooth, where ¢¥: (U;, D;) — S¥ is the base change of g; to
Sk

Step 5. Let X be a generalised Fano 3-fold with terminal Gorenstein singu-
larities. Then X can be deformed to a non-singular generalised Fano 3-fold.
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Fix a stratification as above for each P; € Sing(X).

Let ¢; € Def(U;, D;) be the point corresponding to (U;, D;)/k and let S¥
be the stratum containing ¢;. Let v;: V; — U; be the resolution induced by
the log smooth simultaneous resolution of (U;, D;) over Si. Since v; is an
isomorphism above U; \. P;, the resolutions v; can be patched to a global
resolution v: X — X. Consider the divisor F' = E'U D, where E is the
exceptional divisor of ¥ and D the proper transform of D.

Pick an n € Ext'(Q% (log D), Ox) as in Lemma 6.2.16: since Def(X, D)
is non-singular and universal, 7 determines a small deformation g: (X, D) —
Al. There is a holomorphic map ¢;: Al — Def(U;, D;) for each i, with
¢:(0) = ¢;. By definition of 7, if P; is neither non-singular, nor an ordinary
double point, Im ¢; is not contained in S¥.

Pick a suitable t € A\ {0} such that ¢;(t) € S¥ for some k' < k. Apply
the same procedure to (X3, D;). This is possible because Def(U;, D;) is versal
at every point near ¢;. After a finite number of iterations, X becomes a
generalised Fano 3-fold with no worse than ordinary double points and the
result follows from Lemma 6.2.9. ]

Remark 6.2.19. Namikawa’s proof shows that if X is a generalised Fano
3-fold with no worse than ordinary double points, there is a flat (global)
smoothing f: X — A. If X is a generalised Fano 3-fold, there is a 1-
parameter flat deformation f: X — A, such that X, is a non-singular Fano
3-fold for some t € A. The construction of the small deformation shows that
AX; has terminal Gorenstein singularities for all ¢t € A.

The total space of the 1-parameter flat deformation satisfies the following
additional properties.

Lemma 6.2.20. [JR06] Let X — A be a one-parameter smoothing of X.
The total space X is normal, parafactorial and has at most isolated Goren-
stein singularities.

Proof. A point P € X belongs to a fibre X, that is some reduced Cartier
divisor A; with no worse than terminal Gorenstein singularities. Denote by
7, the ideal defining A} in X’; the conormal sequence

T/T — Qg — O — 0

shows that the local embedding dimension of X at P is 4 or 5. In particular,
P is either an isolated analytic hypersurface singularity or a non-singular
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point and X is Cohen Macaulay, normal and Gorenstein. By inversion of
adjunction ([KM98, Theorem 5.50]), the pair (X, X) is purely log terminal
because (X, 0) is klt. The variety X is therefore terminal.

As X is a locally complete intersection, X is parafactorial by [Gro05, XI,
Théoréme 3.13]. O

Remark 6.2.21. Let 7: X — A be a one parameter flat deformation of a
generalised Fano 3-fold X = 771(0). Then X; is a generalised Fano 3-fold for
all ¢ and has the same Picard rank as X.

Proof of Remark 6.2.21. This result is well known, I include a sketch of proof
for convenience. As the total space X is Goresntein, —K is Cartier and
for all t € A, A&, is Gorenstein, so that the relative anticanonical divisor
—Krx, = — Ky, is Cartier.

The divisor —Kx = —Kjx, is nef, and so is —Kyx, for all nearby ¢.
Indeed, Proposition 6.3.1 shows that 7 induces a 1-parameter deformation
Y — A of Y. The Kuranishi spaces Def(X) and Def(Y') are smooth complex
analytic spaces; the proper morphism X — Y is small, hence Def(X) —
Def(Y) is a closed immersion. For all ¢ € A, the map X, — ) is small
and contracts K-trivial curves by Theorem 6.3.7. For all t € A, ), is a
terminal Gorenstein Fano 3-fold, because ampleness is an open condition on
flat families; X} is a generalised Fano 3-fold. Lemma 2.2.7 establishes that the
Picard rank is constant in a smoothing of a terminal Gorenstein generalised
Fano 3-fold. The exact same arguments can be used in the case of the
explicitly constructed smoothing f: X — A. Recall that each fibre of f has
isolated hypersurface singularities. One can define vanishing cycles B, ; whose
cohomology is supported in degrees 0 and 3 and construct a homeomorphism
between X \ {P,---,P,} and X; N\ UB; ;.

The Picard rank is also constant in the 1-parameter flat deformation of
the anticanonical model  — A induced by « and for all £ € A, ), is a
terminal Gorenstein Fano 3-fold. The degree —Kg}t is invariant in a flat
deformation, because the plurigenera are. O

6.3 Deformations of extremal contractions

Let X be a generalised Fano 3-fold and Y its anticanonical model. Denote
by f the anticanonical map of X. If F is a Q-Cartier divisor of X such that
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E = f(E) is not Q-Cartier on Y, denote by Z the symbolic blow-up of E on
Y. The map f factors through Z in the following way:

fxbhzsy

In particular, when Pic(X/Y) = 1, h is the identity. I recall some known
results about the relations between deformations of X, Z and Y.

Proposition 6.3.1. [KM92] Let X be a projective 3-fold and let f: X — X'
be a proper map with connected fibres. Assume that R'f,Ox = 0. Then,
there exist natural morphisms F and F that make the following diagram

commutative:

X F

X/

Def(X) —= Def(X)

where X (resp. X') is the Kuranishi family of X (resp. of X') and Def(X)
(resp. Def(X')) is the Kuranishi space of X (resp. of X'); Fix coincides
with f.

In particular, there exist maps G and H that restrict to g and h on the
central fibre and make the following diagram commutative:

x—n .z 9 .y

N

Def(X) > Def(Z) —5> Def (V).

Theorem 6.3.2. [KM92] Let Y be a projective 3-fold with canonical singu-
larities and let f: X — Y be a projective, Q-factorial terminal and crepant
partial resolution. Then F': Def(X) — Def(Y) is a finite map.

Sketch of proof. Let T' = Spec C[[t]] be the formal disc. The proof relies on
showing that no non-trivial deformation of X over T can induce a trivial
deformation of Y over T'. Assume that F' is not finite. There exists a defor-
mation X' /T such that F: X — Y x T. In particular, there is a birational
map g: X --» X xT. The map g is induced by a map gy on X and X is
also a trivial deformation. [
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Proposition 6.3.3. [KM92] LetY be a terminal Gorenstein projective 3-fold
and X —'Y a small Q-factorialisation. The subspace Im[Def(X) — Def(Y)]
is closed and independent of the choice of small Q-factorialisation.

Remark 6.3.4. Let Oy (resp. Oy) be the dual of Q3. (resp. of Q%) and let
C be the exceptional locus of X — Y. There is a natural map of functors
Def(X) — Def(Y) because Y has terminal singularities and R'm, Oy = (0).
At the level of tangent spaces, the kernel is given by the local cohomology
group H}(O©x). This group vanishes when C'is a curve [Fri86].

The following result shows that QQ-factoriality is an open condition on the
base of flat deformations of algebraic 3-folds.

Theorem 6.3.5 (Factoriality and deformations, [KM92]). Let g: X — S
be a flat family of algebraic varieties. Assume that the fibres have rational
singularities and that for any s € S, Codim(Sing(X5), Xs) > 3. For instance,
this is the case of a flat family of 3-folds with isolated singularities. Then

Xofact = {2 € X|g7"(9(2)) is Q-factorial}
s open in X . In particular, if a fibre is Q-factorial, so are nearby fibres.

Remark 6.3.6. Let f: YV — A be a l-parameter flat and proper deforma-
tion of a generalised Fano 3-fold Y with ), non-singular for some ¢t € A
as contructed by Namikawa (see Section 6.2). The set Ao _fact = {t
A|X; is Q-factorial } is open.

I now recall some results on deformations of extremal rays.

Theorem 6.3.7 (Flops in families, [KM92]). Let fo: Xo — Yo be a proper
morphism between normal 3-folds. Assume that Xo has only terminal singu-
larities, and that fo contracts a curve Cy C Xg to a point Qy € Yy. Assume
moreover that every component of Cy is Kx,-trivial. Let Xg — S be a flat
deformation of Xo over the germ of a complex space 0 € S. Then,

1. fo extends to a contraction morphism Fs: Xg — Y.

2. The flop F§: X& — Ys exists and commutes with any base change.

Sketch proof. This follows from Theorem 6.3.2. For each s € S, the singu-
larities of Y, are terminal. Using a local analytic description of Y, near a

singular point, the flop Fs: X&' — Yg can be explicitly constructed as in
[Kol91]. ]
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Theorem 6.3.8 (Deformation of extremal rays, [KM92]). Letg: X — S be a
proper flat morphism of projective varieties. Assume that for some 0 € S the
fibre Xo is a 3-fold with no worse than Q-factorial canonical singularities.
Let f: Xo — X| be the contraction of an extremal ray Coy C Xo. There
then ezist a proper flat morphism h: X' — S (by Proposition 6.3.1) and a

factorisation g: X Lxr g, Moreover, there exists an open neighbourhood

U of 0 € S such that:

(i) if fo contracts a subset of Codim > 2 (resp. a divisor, resp. is a fibre
space of generic relative dimension k), fs contracts a subset of Codim >
2 (resp. a divisor, resp. is a fibre space of generic relative dimension
k) for all s € U,

(ii) fs is the contraction of an extremal ray.

Remark 6.3.9. Lemma 7.1.3 describes contractions of extremal rays with
Cartier exceptional divisor on small partial Q-factorialisations of terminal
Gorenstein Fano 3-folds. This Lemma is a mild generalisation of Cutkosky’s
results (Theorem 3.2.1), and shows that the same classification of extremal
rays essentially applies as in the Q-factorial terminal Gorenstein case.

Lemma 6.3.10. Let Z be a small partial Q-factorialisation of a terminal
Gorenstein Fano 3-fold Y. Denote by Z — S a proper flat 1-parameter
deformation of X over the spectrum of a complete discrete valuation ring
S = Spec Og with residue field C. Let 0 be the closed point of S and n the
generic point. Assume that each fibre has terminal Gorenstein singularities.
If fo: Z — Z' is a divisorial extremal contraction with Q-Cartier exceptional

divisor E, there is an S-morphism f: Z L2 t0a projective 1-parameter
flat deformation of Z'. The restrictions f, and fo are extremal divisorial
contractions. In the notation of Theorem 3.2.1, either the contraction f, is
of the same type as fo, or f, and fy are of types E3 and F4.

Proof. 1 give an outline of the argument, as the assumption that E is Cartier
ensures that it can be proved as in [Mor82, Proposition 3.47]. If D, is
a Cartier divisor of Z,, the completion Dg to S is an irreducible divisor
which is QQ-Cartier because Z is parafactorial: any proper Weil divisor on
S that is Cartier outside of finitely many fibres is Q-Cartier. The special-
isation map associates to D,, the Q-Cartier divisor Red(D,) = Dg xg {0}
of Z. As Z is Gorenstein, Red(D,) is in fact Cartier [Kaw88, Lemma 6.3];
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Red is an injective homomorphism Red: NS(Z,) — NS(Z). This homomor-
phism is bijective because the Picard rank is constant in a 1-parameter flat
deformation of a 3-fold with isolated hypersurface singularities. Similarly, if
C, is an effective curve, denote by Red(C,) = Cs x5 {0} the specialisation
of C,. The 1-cycle Red(C,) has non-negative coefficients and Red defines
an injective homomorphism Red: NE(Z,) — NE(Z) on the cone of ef-
fective curves. In addition, if D, is a Cartier divisor and C, is a 1l-cycle,
D, -C, = Red(D,, - C,) = Red(D,,) - Red(C,)) [Ful98g].

Recall from Remark 6.2.21 that for all ¢ € S, Z; is a generalised Fano
3-fold, in particular, NFE(Z,) is rational polyhedral (Lemma 3.1.6).

Case 1. The contraction fy: Z — 'Y is of type Fl1, i.e. fy contracts a surface
E toacurvel’ CY.

Denote by [ a general fibre of the contraction £ — I'. Lemma 7.1.3 shows
that E is a P'-bundle over I, [ ~ P! and that —K,-l = —E-l = 1. The curve
[ lies on a Cartier divisor, it is a l.c.i. variety and by adjunction on E, N,z =
Op1(—1) @ Op1. Let H be the connected component of the Hilbert prescheme
Hilbz,s containing the class [I] of [. The Zariski tangent space to Hilby/g
at [I] is canonically isomorphic to H*(Z,N,,z) and if H*(Z,N;z) = (0), Ho
is non-singular over S at [l] [Gro62, IV, Corollaire 5.4]. The component
H, is non-singular at [I] (h'(Z,N;)z) = 0) and has relative dimension 1 at
0 (h°(Z,Ni/z) = 1). The base S is complete, and hence the component
Hy is connected. As this is true for all but a finite number of fibres, the
component Hy is isomorphic to I'. Denote by D C Z xg H the universal
closed subscheme. The projection of D to Z induces an embedding Dy ~ F.
The component H is non-singular over S at any point of Hy, hence it is
smooth over S and H,, is a non-singular projective curve.

The universal subscheme D is by definition flat over H. As Dy is a P!-
bundle over Hy ~ I, D, is also a P!-bundle over H,. Denote by C, any fibre
of D, — C,; Red(C,) is a fibre [ of £ — I'; it therefore generates an extremal
ray Ry of NE(Z) D Red(NE(Z,)). The curve C, generates an extremal ray
R, of Z,. This extremal ray may be contracted because Z, is a weak Fano
3-fold, and since D,, - C,, = D -l = —1, the divisor D, is exceptional for the
contraction contg, . If G, C D,, denotes a curve that dominates H,, such that
Red(G,) dominates Hy, [G,] does not belong to the class R, because Red(G,)
does not belong to Ry. This proves that the contraction of R, is an extremal
contraction of type El.
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Case 2. The contraction fo: Z — Y 1is of type E2-E5, i.e. fy contracts a
surface E to a point P € Yj.

The divisor F is a l.c.i. subscheme because F is Cartier. The cohomology
groups HY(E,Og(E)) and H'(E,Og(E)) are both trivial (Lemma 7.1.3),
hence the connected component H of the Hilbert scheme Hilbz,s containing
[E] has relative dimension 0 at [E] and Hy is non-singular at [E]. The
component H therefore is isomorphic to S. Denote by D C Z xg S the
universal subscheme; the projection to Z determines an embedding Dy ~ F.
As in case 1, any effective curve lying on D, belongs to the class of an
extremal ray I?,, that may be contracted. The contraction contg, contracts
a divisor to a point. As Dg = Red(D,)* = E?, the contractions fy and contp,
are of the same type, except possibly if one of them is of type E3 and the
other is of type E4.

Claim 6.3.11. There is an S-morphism f: Z — Z' that restricts to fo on
the central fibre and to contg, on the generic fibre.

The Picard rank is constant in the l-parameter flat deformation and
Pic(Z) ~ Pic(Z) ~ Pic(Z,), since each fiber has terminal Gorenstein sin-
gularities. Denote by L a nef invertible sheaf on Z associated to fy, i.e.
such that L+ N NE(Z) = Ry and f, is the morphism determined by |mL|
for m >> 0. The invertible sheaf L comes from an invertible sheaf £ on Z
and £ N NE(Z,) = R, by construction. The Cartier divisor [mL]| deter-
mines the desired S-morphism Z — Z’, because by the base change theorem,
HY(Z,mL)®C ~ H°(Z,mL). O

Every divisorial step of the Minimal Model Program on a weak* Fano 3-
fold can be deformed to an extremal divisorial contraction on a non-singular
weaks Fano 3-fold with Picard rank 2.

Assume that the extremal contraction ¢;: X; — X;,; is divisorial and
denote by F; its exceptional divisor. I use the notation introduced in the
proof of Lemma 3.2.7. The generalised Fano 3-fold Z; is a crepant blow up
of Y; along the image of the exceptional divisor F; of ¢; by the anticanonical
map. More precisely, Z; is defined as Proj P, fixO(nkE;) and fits in the
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diagram:
X~ X
N

where Z;,1 = Y;11 is the anticanonical model of X;,;. The following corollary
is a direct consequence of Theorem 6.2.8 and of Lemma 6.3.10.

Corollary 6.3.12. There is a proper 1-parameter flat deformation Z; of Z;
over A such that Z;; is a terminal Gorenstein generalised Fano with Picard
rank 2 for allt € A and Z; 4, is non-singular for some to € A. There is a
morphism V;: Z; — Z;.1 which restricts to 1; on the central fibre, and such
that Z;11 1s a 1-parameter flat deformation of Z;11. In a neighbourhood of
0 € A, (Z): is a Picard rank 2 terminal Gorenstein weak Fano 3-fold and
(Zi41)¢ is a Picard rank 1 terminal Gorenstein Fano 3-fold. The morphism
W, restricts to the contraction of an extremal ray of the same type as W,
except if Wy is of type E3 and V;, is of type EA.

Remark 6.3.13. The same holds for an extremal contraction of fibering
type. Note that, in a neighbourhood of 0, Z;,, is projective because Z;;
is.



Chapter 7

Takeuchi game

In this Chapter, I generalise some constructions studied by Takeuchi [Tak89]
to determine explicitly the extremal divisorial contractions encountered when
running the Minimal Model Program on a weakx Fano 3-fold X. Iskovskikh
obtained a classification of Fano 3-folds with Picard rank 1 by studying the
double projection of Fano 3-folds from lines lying on them [Isk77, Isk78].
Takeuchi investigated projections of Fano 3-folds from a point or from a
general conic [Tak89]. Both constructions are special cases of Sarkisov el-
ementary links [Cor95]. Simple numerical calculations based on the theory
of extremal rays led to a considerable refinement of Iskovskikh’s methods.
I generalise Takeuchi’s construction in order to study some projections of a
terminal Gorenstein Fano 3-fold Y from curves lying on it.

Let Y be a terminal Gorenstein Fano 3-fold with Picard rank 1 that
does not contain a plane and let Z be a small partial Q-factorialisation of
Y. I assume that the Picard rank of Z is 2, and that there exists on Z
an extremal contraction ¢ with Cartier exceptional divisor. In Sections 7.1
and 7.2, I study a generalised Takeuchi construction on Z. This analysis
yields systems of Diophantine equations, whose solutions describe the possi-
ble divisorial contractions encountered when the MMP is run on X, a small
Q-factorialisation of Y. This approach provides a theoretical method to con-
struct explicit examples of non Q-factorial Gorenstein terminal Fano 3-folds.

In Section 7.3, I use these techniques to give a “geometric motivation”
of Q-factoriality for terminal Gorenstein quartic 3-folds. If Y2 C P* fails to
be Q-factorial, by definition, Y contains a surface E, which is a Weil, non
Q-Cartier divisor. I show that the surface E is a plane, a quadric or is one
of the surfaces listed in the table on page 129.

107
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7.1 Elementary contractions of terminal Goren-
stein Fano 3-folds

Let X be a projective non-singular 3-fold such that Ky is not nef. Mori
shows [Mor82] that X admits an elementary contraction morphism ¢ that
corresponds to an extremal ray of NE(X); he classifies all such contractions
and shows that either ¢ is of fibering type, or ¢ contracts a Cartier divisor
E to a point or a curve. In the case of non-singular surfaces, the exceptional
divisor of an extremal contraction is a (—1)-curve; Mori shows that in the
3-fold case, E either is a plane or a quadric with anti-ample normal bundle
or E is a P!-bundle over a non-singular curve. Up to minor generalisations,
the classification of divisorial extremal contractions still holds when X is
assumed to have terminal Gorenstein Q-factorial singularities [Cut88]. I
study extremal contractions with Cartier exceptional divisor on small partial
Q-factorialisations of terminal Gorenstein Fano 3-folds.

Set up 7.1.1. Let Z be a normal, terminal Gorenstein weak Fano 3-fold
and let Y be its anticanonical model. Assume that the anticanonical map
h: Z — Y is small, that the anticanonical ring of Z is generated in degree 1
and that Y has Picard rank 1.

Recall from Theorem 3.1.7 that this is the case unless Z is monogonal
or Y is birational to a special complete intersection X,¢ C P(1%,2,3) with a
node. This is always true if Y has Picard rank 1 and genus at least 3.

Let ¢: Z — Z; be a Kz-negative extremal contraction. Since a flipping
curve vy on a terminal variety Z satisfies —Ky -y < 1 [Ben85], ¢ is not an
isomorphism in codimension 1. Assume that the exceptional divisor E of
the contraction v is Q-Cartier. Note that the Weil divisor E = h(E) is not
Q-Cartier. If it were, as Y has Picard rank 1, F would have to be ample.
Note that as Z has terminal Gorenstein singularities, a divisor is QQ-Cartier
if and only if it is Cartier [Kaw88, Lemma 6.3].

Let g: X — Z be a small Q-factorialisation and let E be the pull back
of E on X. There is a Kx-negative extremal ray on which E is negative.
Indeed, ¢ is small, hence Kx = g*(Kz) and F = ¢*(F). The divisor E is
covered by curves I' such that Kx - I' < 0 and E-T < 0, because F has
this property. The 3-fold X is a weak Fano, by Lemma 3.1.6, there is a
K x-negative extremal contraction ¢ on X with exceptional divisor F.

Denote by f: X — Y the anticanonical map of X. As in the proof of
Lemma 3.2.7, the following diagram is commutative because E is negative
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on an extremal ray of NE(X/Z;):

~ ¢
EcX—Xi (7.1)

gl w lgl

EczZ——27;

|

ECY

In the diagram, goh = f, E = f* (E) and g, is an isomorphism in codimension
1.

Remark 7.1.2. In the terminology introduced in Chapter 3, if Y does not
contain a plane P? with —Kyp2 = Op2(1), then X is a weak Fano 3-fold.

Lemma 7.1.3. FEl: If i contracts E to a curve I', T is locally a complete
intersection and has planar singularities. The contraction v is locally
the blow up of the ideal sheaf Iv. In the local ring Oz, p of any point
P €T, one of the local equations of I' is a smooth hypersurface near
P.

If ¢ contracts E to a point P, then one of the following holds:

E2: (E,0p(F)) ~ (P?,0p:2(—1))) and P is a non-singular point.
E3: (E,OE(E)) >~ (]Pl X Pl, O]plxlpl(—l, —1))
FEi: (E,0p(—F)) ~ (Q,0g®0p:(—1)), with Q) an irreducible reduced

singular quadric surface in P3.

E5: (E,0p(E)) ~ (P?,0p:(-1))), and P is a non-Gorenstein point of
index 2.

Proof. The diagram (7.1) is commutative, therefore g; maps the centre of
the contraction ¢ to the centre of the contraction 1. If ¢ contracts a divisor
to a point, so does ©¥. The map g;: X; — Z; is a small Q-factorialisation
of Z1, so that if the centre of ¢ is a curve I and that of ¢ is a point {P},
—Kx, - I' =0, the curve I' is non-singular, —Kx, is nef and big and defines
a small map by the proof of Theorem 3.1.7. As in the proof of Lemma 4.1.3,
E ~ Fy or E ~ P! x P. The Cartier divisor £ = g,(F) is an irreducible
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reduced quadric in both cases, and —Kzz = Og(1). The contraction 1) is of
type E3 or EA4.

I assume that the contractions ¢ and v either both contract a divisor to
a curve or both contract a divisor to a point.

Case 1. The contraction i: Z — Zy contracts the divisor E to a curve I'.

The 3-fold Z has terminal Gorenstein singularities, in particular its sin-
gularities are isolated. Let [ be a fibre of the contraction ¢ that contains no
singularities of Z. The map ¢ is small and by construction of ¢, there exists
a fibre [ of ¢ mapping 1-to-1 to . Then, —K ;-1 = ¢g*(—Kz) -l = —Kx -1 =1
and £ -1 = g*(E) -1 = E-1 = 1. The contraction ¢ is the blow up of a
non-singular curve away from finitely many points.

The anticanonical model Y of Z has Picard rank 1 and genus g > 3, so
the weak Fano 3-fold Z itself has basepoint free anticanonical system | — Kz|.
Let S be a general section of | — Kz|; S is non-singular by Theorem 3.1.7.
As | — Kz| = [0*(—Kz,) — E| (since —Ky = ¢*(—Kx,) — E), S is mapped
to Si, a section of | — K, | that contains the curve I'. The contraction ¢ is
not of type Eb5, therefore X; and Z; are Gorenstein and Sy is Cartier. The
morphism ¥g: S — S} is an isomorphism away from I'. For any fibre [ of
1, [ is not contained in S because S is general in | — Kz|, and [ intersects S
in a finite number of points. Over an affine neighbourhood of P = (1) € T,
the morphism ¢g: S — S is a finite birational morphism, which is an
isomorphism away from [. In particular, the singularities of Sy are isolated.
Further, S; is normal because S; is a Cartier divisor in Z, which is Cohen
Macaulay, and S is regular in codimension 1. The morphism /s is finite
birational, hence, by Zariski’s main theorem, it is an isomorphism. The curve
I" lies on a non-singular Cartier divisor: it is locally a complete intersection.
Hence, the curve I' has planar singularities.

Case 2. The contraction v : Z — Zy contracts the divisor E to a point P.

The morphism 1 is the elementary contraction of a K (and E) nega-
tive extremal ray. The divisor —K; — E is Cartier, and its restriction to F,
—Kp = (—Kz — E)|g, is anti-ample. The exceptional divisor E therefore is
a Gorenstein, possibly nonnormal, del Pezzo surface. The map g: X — Z
is small since the anticanonical map is an isomorphism in codimension 1;
it induces a morphism 95 E — E. The morphism 95 uniquely induces a

morphism between the normalisations of £ and E: §7| ok EY — EY. Since the
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map ¢ is small, £ has the same anticanonical degree as EY = E. Theo-
rem 3.2.1 shows that this degree is 1,2 or 4. The normalisation of E is either
a plane or a quadric.

By the Serre criterion, E is nonnormal if and only if it is not regular
in codimension 1. Indeed, Z is Cohen Macaulay and E is Cartier: E sat-
isfies the Sp-condition. Any curve C' lying on E has —Kx - C' < 0 so that
no g-exceptional curve lies on F and 95 is an isomorphism outside of a fi-

nite number of points: if £ is not regular in codimension 1, neither is E.
Cutkosky’s classification (Theorem 3.2.1) shows that £ is normal, hence F
is also normal and the result follows. [

Remark 7.1.4. The assumption that Z is a small partial Q-factorialisation
of a terminal Gorenstein Fano 3-fold is not necessary here: the proof works
when Z is assumed to be a small partial Q-factorialisation of a terminal
Gorenstein 3-fold with Picard rank 1. The surface S in Case 1 can be re-
placed by a general member of [nH — K|, where H is the linear system that
determines the contraction .

Lemma 7.1.5. Let Y be a non Q-factorial terminal Gorenstein Fano 3-
fold with Picard rank 1 and genus g > 3. Let Z be a small partial Q-
factorialisation of Y. Assume that there exists an extremal divisorial con-
traction ¢: Z — Zy that contracts a Cartier divisor E to a curve I'. The
following relations hold:

(—Kz)? = (—Ky)’=29g—2=-Kj —2((—Kz, -T)+1—p.(T))
(=Kz)? E=—Kyz -T+2—2p,()
—Kz - E*=—-2+2p,(T)
E? = —(=Kgz T —2+2p,(I))
Proof. By Lemma 7.1.3, the contraction % is the blow up of the curve I' and

[ is locally a complete intersection. The anticanonical divisors of Z and Z;
satisfy:

—Ky; =¢"(—Kyz)— E. (7.2)
The proof of Lemma 7.1.3 shows that the curve I' lies on a non-singular
section Sy of the anticanonical linear system | — Kz, |, such that the proper

transform S of S; on Z is a non-singular section of | — Kz|. The surfaces S
and S; are moreover isomorphic. As ©*S; = S + E, E? satisfies:

EBZ—S-E2—|—w*sl~E2:—(ES'E5)S—51~F.
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The curve I' is locally a complete intersection, and by construction of S,
Es~T and (Es-Eg)s = (I''T")g,. As Sy is Cartier, Kg, = (K7 +51)|s, and
since S is non-singular, the adjunction formula for I' gives K = (Kg, +I")r.
No correction term is needed at any point. In particular,

(FT)g, = —Ks, - T+ Kp = —Kz -T — 8 - T + 2p,(T') — 2
and therefore:
B3 =Ky T+8 -T+2-2p,() =S, -T =Ky, -T+2— 2p().
The relations then follow from (7.2) and from the projection formula:
V(=Kz,) E*=—(—Kgz -T).
0

Lemma 7.1.6. Let Y be a non Q-factorial terminal quartic 3-fold. Assume
that Y does not contain a plane P? with | — Ky|p2 = Op2(1). Let Z be a
small partial Q-factorialisation of Y with p(Z/Y) = 1. Assume that there
exists an extremal divisorial contraction i: Z — Z; that contracts a Cartier
divisor E to a curve I'. Denote by i(Zy) the Fano index of Z1. The following
bounds on the degree and arithmetic genus of I' hold:

1. If i(Z1) = 1 and Zy has genus g1, then deg(l') = g1 — 4 + po(I") and
pa(r) < g1 — 37

2. If i(Z,)) = 2 and (—Kz,)® = 8d for some 1 < d <5, then 2deg(T) =
A4d — 3+ po(I') and po(T') = 2k — 1, where 1 <k <d+1,

3. If Zy is a possibly singular quadric in P*, then 3deg(T') = 24 + p,(T)
and p,(I") = 3k, for some 0 < k <7,

4. If Zy = P, then 4deg(T') = 29 + pu(T') and p,(T) = 3 + 4k, for some
0<Ek<6.

Proof. Lemmas 7.1.3 and 7.1.5 show that ¢ is the inverse of the blow up of
the curve I and that the following relations hold:

(—Kz)' = (-Ky)* =4=—-K} = 2((-Kz, -T)+1—-pa() (7.3
(=Kz)? E=—Kgz -T +2—2p,(I). (7.4)
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The anticanonical linear system | — K| is basepoint free and it is equal
to [ (=Kz) — E| = [¢*(—Kz (=T)|: the curve I' is a scheme-theoretic
intersection of members of | — Kz |. In particular,

—Ky, T =i(Z)deg(T) < (~Kz)".
The following relations and bounds on the degree of I' therefore hold:
1. If i(Z;) = 1 and if Z; has genus ¢;, with 4 < ¢; < 10 or g; = 12, then

deg(I') = g1 — 4+ p(I') and deg(T") < 2¢; — 2;

2. If i(Z)) = 2 and if (—Kz,)® = 8d for some 1 < d < 5, then

2deg(l') =4d — 3+ p,(I') and  deg(T") < 4d;

3. If i(Z1)) = 3, Z; is a possibly singular quadric in P*, then

3deg(l') =24 +p,(I') and deg(l') <18;

4. If Z; = P, then

ddeg(I') =29 + p,(I') and deg(I') < 16.

Now that the degree of I' has been bounded, the genus of I' can be bounded

using (7.3).
By assumption, — K is nef and big and induces a small map, therefore
(—=Kz)?-E > 0. ]

Remark 7.1.7. The bound on the genus of I obtained using (7.3) is sharper
than the Castelnuovo bound when T is a non-singular curve.

7.2 A generalised Takeuchi construction

Takeuchi formulates numerical constraints associated to contractions of ex-
tremal rays [Tak89]. This approach simplifies considerably the methods of bi-
rational classification using projection of varieties from points or lines, which
lie at the heart of Iskovskikh’s classification of Fano 3-folds [Isk77, Isk78].
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This application of the theory of extremal rays makes for a unified treat-
ment of projections of Fano 3-folds from any centre. Takeuchi’s work focuses
on non-singular weak Fano 3-folds with Picard rank 2 that are small Q-
factorialisations of terminal Fano 3-folds with Picard rank 1 and defect 1.
Given Z, a non-singular weak Fano 3-fold with Picard rank 2, there is an
elementary Sarkisov link on Z involving two extremal contractions that are
not isomorphisms in codimension 1. The numerical constraints associated to
each type of extremal contraction yield systems of Diophantine equations,
whose solutions correspond to the only possible Sarkisov elementary links. I
generalise Takeuchi’s construction, in order to classify non Q-factorial termi-
nal quartic 3-folds with arbitrary defect.

Set up 7.2.1 (A generalised Takeuchi construction). Let Y be a non Q-
factorial terminal Gorenstein Fano 3-fold with Picard rank 1 and Fano index
1. Assume that Y contains neither a plane with —Kyp2 = Op2(1) nor an
irreducible reduced quadric @ with —Ky g = Oq(1).

Let f: X — Y be a small Q-factorialisation of Y. The 3-fold X is a weakx
Fano 3-fold and has Picard rank p(X) > 1. Lemma 3.1.6 shows that there
is an extremal ray R € NE(X) and that R can be contracted. A Minimal
Model Program (MMP) can be run on X (Chapter 3).

Let ¢ be the first extremal contraction of the MMP that is not an isomor-
phism in codimension 1. Assume that ¢ is divisorial; ¢ necessarily contracts
a divisor E to a curve, since Y is of index 1 and contains neither a plane
nor a quadric. Taking a different small Q-factorialisation X of Y if neces-
sary, we may assume that the first extremal contraction of the MMP on X
isgp: X — Xj.

Denote by £ C Y the image of E by the anticanonical map. Recall from
the proof of Lemma 3.2.7 that E is a Weil non Q-Cartier divisor on Y. Let
Z be the small partial Q-factorialisation of Y defined by:

Z = Proj @ f.0x(nE).

n>0

The 3-fold Z is a weak Fano and has Picard rank 2; denote by h: Z — Y
its anticanonical map. If £’ is the image of F on Z, there is an extremal
contraction ¢: Z — Z; that contracts E' (Lemma 3.2.7). The proof of
Lemma 7.1.5 shows that since Y does not contain an irreducible quadric, v
contracts the divisor £’ to a curve T.
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Theorem 6.2.8 shows that there is a 1-parameter flat deformation Z — A
of Z such that for each t # 0, Z, is a generalised Fano 3-fold of Picard rank 2.
Proposition 6.3.1 and Theorem 6.3.7 show that Z/A induces a 1-parameter
flat deformation Y/A of Y and that Z — A factors through a morphism
H: Z — Y. The morphism H restricts to the anticanonical map on each
fibre. For each t # 0, ), is a defect 1, Picard rank 1, terminal Gorenstein
Fano 3-fold.

Corollary 6.3.12 shows that there exists a 1-parameter flat deformation
of Z; and a morphism V¥ that fit in a diagram:

Zl>21
A=——==A

such that U restricts to ¢ on the central fibre, and such that for all t € A,
W, is an El-contraction.

Pick t € AN{0}; we may assume that Z; is a Q-factorial weak Fano 3-fold
with small anticanonical map h;: Z; — );. Indeed, for some t € A, Z; is
non-singular and Q-factoriality is an open condition on the base. The Cone
theorem 3.1.6 shows that Z; has exactly 2 extremal rays and that they may
be contracted. One of the extremal contractions contracts E; (the divisor on
Z, mapped to E’ on the central fibre) to a curve I';. Denote this divisorial
contraction by W;. On Z;, a 2-ray game yields a diagram of the form:

where

1. Z, and Z are Q-factorial weak Fano 3-folds with Picard rank 2; the
anticanonical maps h; and h; of Z; and Z; are small,

2. (Z1); and Y, are terminal Gorenstein Fano 3-folds with Picard rank 1,
3. ®, is a composition of flops,

4. oy is an extremal contraction that is not an isomorphism in codimension
1

Y
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5. (Z)t is one of:

(a) a terminal Gorenstein Fano 3-fold with Picard rank 1 if oy is bi-
rational,

(b) P2 if a is a conic bundle,

(c) P if a is a del Pezzo fibration.

Claim 7.2.2. The elementary Sarkisov link on Z;, t # 0, induces an ele-
mentary Sarkisov link on the central fibre of Z — A.

As in the proof of Lemma 6.3.10, we may assume that Z is a proper flat
deformation over the spectrum of a complete ring S with residue field k,
closed point 0 and generic point 7. It is enough to show that if Z/S is a 1-
parameter proper flat deformation of a generalised Fano 3-fold Z with Picard
rank 2 such that the generic fibre is terminal Gorenstein and Q-factorial, an
extremal contraction on the generic fibre Z, induces an S-morphism that
restricts to the contraction of an extremal ray on the central fibre.

Recall that the specialisation map induces an isomorphism of the Neron
Severi groups of Z, and Z, and that Pic(Z,) ~ Pic(Z) ~ Pic(Z) because the
singularities of each fibre are terminal and Gorenstein. As the cone NE(Z)
is rational polyhedral and generated by extremal rays, the specialisation of
every extremal ray I, on Z,, belongs to the class of an extremal ray R, on
7, and Ry may be contracted. If Ry is a flopping contraction, Theorem 6.3.7
ensures that the contraction of R, also is a flopping contraction. If Ry is a
K-negative extremal ray, so is R, (Lemma 6.3.10). If contg, is divisorial, it
has Cartier exceptional divisor E,. The specialisation Red(E,)) is (Q-)Cartier
and is the exceptional divisor of contg,. The contraction of Iz, on Z, induces
a projective S-morphism Z — Z’ that restricts to the contraction of R, and
Ro. B

The flop ®; induces a deformation Z/A and a morphism ¢: Z2--> z

that restricts to a flop on each fibre; in particular each fibre of z /A is a termi-
nal Gorenstein generalised Fano 3-fold with Picard rank 2. The contraction
oy induces a deformation Z; /A and a morphism a: Z — Z; that restricts to
an extremal contraction. The contraction o has Cartier exceptional divisor
if it is divisorial.

I denote by ® and « the restriction to the central fibre of ® and «a. 1
presume this will not lead to any confusion. On the central fibre, there is a
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diagram:

where

1. Z and Z are terminal Gorensteil}v weak FanoNS—folds with Picard rank
2; the anticanonical maps h and h of Z and Z are small,

2. Zy and Y are terminal Gorenstein Fano 3-folds with Picard rank 1,
3. ® is a composition of flops,

4. «is an extremal contraction that is not an isomorphism in codimension
L,

5. 21 is one of:
(a) a terminal Gorenstein Fano 3-fold with Picard rank 1 if « is bira-
tional,

(b) P? if v is a conic bundle,

(c) P! if a is a del Pezzo fibration.
Fix the following notation:
E is the strict transform of F on Z ,
e=FE3— EB.

Remark 7.2.3. The purpose of this construction via deformation theory
is that if « is a birational contraction, its exceptional divisor is Q-Cartier.
Direct constructions on Z would have been possible, but these could have
involved an extremal contraction a with Weil non QQ-Cartier exceptional di-
visor. Notice also that the 3-fold Y is not QQ-factorial and the map A is not
the identity by construction of Z. In particular, the birational map & is not
an isomorphism.
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The birational map ® is a sequence of flops, therefore:

(—~Kz)*-E=(-Kz)’-E
~K; - E*=—K; - E? (7.6)

E?*=FE°—e.

Lemma 7.2.4. [Tak02] In the construction (7.5), e is a strictly positive
integer.

Proof. The Cartier divisor F is effective and ¥-negative. For any exceptional
curve v of @, since v is a flopping curve, F-7 is strictly positive. The map ®
is an E-flopping contraction and by the construction of [Kol89], E is Cartier:
e is an integer. B

Consider a common resolution of Z and Z:

The 3-folds Z and Z are terminal, so that

where Ey, Fy are effective p and g-exceptional divisors and F (resp. G) is a
(possibly empty) effective p but not ¢ (resp. g but not p) exceptional divisor.

Then:

P (Kz) = ¢ (Kz)+ G+ H,

where G is effective and contains no p-exceptional component and H is p-
exceptional. Since p,(¢*(K3)+G) = Kz, ¢*(K3) is p-nef, and by the standard
negativity lemma [Cor95, (2.5)], H is effective, that is F' = 0 and Ey—E; > 0.

Reversing the roles of Z and Z shows that, as Z and Z are terminal, every
exceptional divisor is p and g-exceptional. Moreover, p*(Kz) = ¢*(K3) +
Ey — Ey and ¢*(K3) = p*(Kz) + E» — Ej, so that, by the negativity lemma,
P (Kz) =q"(Kz).

One may write

p;'E=p"E—R=¢"(E)- R,
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where R and R’ are effective exceptional divisors for p and ¢. In particular:

' (E) = —q"(B) + R — R,
By the construction of the E-flop, —q*(E) is p-nef. By the negativity lemma,
the divisor R — R is strictly effective because ® is not an isomorphism, and
its push forward p,(R' — R) is effective. Then

E*=(¢E — (R - R))(¢"E)* = p"E(¢"E)’
=p'E(p"E + (R — R))* = E* + Ep.(R — R)*.

This concludes the proof: —p.(R — R)? is a non-zero effective 1-cycle con-
tained in the indeterminacy locus of ®: it has strictly positive intersection
with E. [

The Cartier divisors —Kz and E are linearly independent. The divisor E
is a prime divisor, because £ is prime and ¢ is an isomorphism in codimension
1. Let i(Z) be the Fano index of Z and H the uniquely determined Cartier
divisor such that —K5 = i(Z)H. The divisors H and E form a Z-basis of
Pic Z.

If « is birational, denote by D its exceptional divisor. The divisor D is
Cartier, so that there exist integers z,y such that:

i Z)( z) (7.7)
If « is of fibering type, denote by L the pull back of an ample generator of
Pic Z;. The divisor L is Cartier, so that there exist integers z,y such that:

L=-—"(—Kj) —yE. 7.8
i(Z)( )=y (7.8)

Remark 7.2.5. As is noted in Remark 3.1.11, the indices of Y, Z and A
are equal. By Theorem 5.1.1, if the Fano index of Y is 4, Y is isomorphic
to P3. If the Fano index of Y is 2, by Lemma 5.1.2 both «a and v are either
E2 contractions, étale conic bundles or quadric bundles. By Remark 5.1.3, if
the Fano index of Y is 3, then o and 1 are P>-bundles over P!.

I now assume that i(Z) = i(Z) = 1. I am mainly interested in the case
of terminal quartic 3-folds Y C P*, which have Fano index 1; other cases can
be treated similarly.
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The morphism « is the contraction of an extremal ray on a Picard rank 2
weak Fano 3-fold Z. If the contraction « is divisorial, its exceptional divisor
is Cartier. Note that a is induced by an extremal contraction on a weaks
Fano 3-fold X, which is a small Q-factorialisation of Y. The initial small
Q-factorialisation of Y, X, and X are related by a sequence of flops.

The results of Lemma 7.1.3 apply to a: one can associate to a numer-
ical constraints on the intersection numbers of powers of D (resp. L) with
— K. When considered together, the constraints associated to o and 1) yield
systems of Diophantine equations on z, y.

1. « is a conic bundle.

Claim 7.2.6. The surface Z; is P2

As in the proof of Lemma 3.2.11, —K; , the anticanonical divisor of

the surface Zl, is nef. The 3-fold Z has Picard rank 2, hence Zl is P2,
The divisor L is a*Op2(1).

Claim 7.2.7. The integers x and y are positive and coprime; y can
only be equal to 1 or 2.

The integers x,y are such that L ~ z(—K3) — yE and the divisor F
is fixed because it is the image by ® of a fixed divisor on Z. Assume
that = is not positive, then |L| C |yE|. Some positive multiple of L
defines a map to P2, yet the linear system |yE| is O-dimensional: this
is impossible. Now assume that y is not positive. The linear system
|L| contains |z(—K3)|, so that L is big. This contradicts o being of
fibering type. The integers x,y are coprime because — K7 and E form
a Z-basis of Pic Z , L is prime and L is not an integer multiple of either
of them.

Remark 7.2.8. This proof shows that x, y are positive coprime integers
when « is an extremal contraction of fibering type.

Denote by [ an effective non-singular curve that is contracted to a point
by . Then —K3 -1 <2 and 2(—Kz-l)=L-l+yE-l=yE-l. The
divisor E is Cartier and therefore y divides (—K 7-D)z. As x and y are
coprime, this shows that y can only be equal to 1 or 2.
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Let A be the discriminant curve of the conic bundle «. Recall that the
curve A is linearly equivalent to —o,(— K3 / 21)2_

L3=0
L* (—K3) =2
L-(—Kj3)* =12 —deg(A)

Recall that g is the genus of Y, Z and Z. These numerical constraints,
together with the intersection table (7.6) and the numerical constraints
associated to ¢ in Lemma 7.1.5, yield the system of equations:

(29 —2)2® —3(=Ky, - T +2—2p,(T))z?y + 3(2p(T) — 2)a”
+(=Kz - T =2+ 2p,(T) +e)y® =0

(29 — 2)2” — 2(—=Kz, - T +2 — 2p,(I))zy
+(2pa(T) — 2)y* =2

(29 = 2)x — (=Kz, - T +2—2p,(T))y = 12 — deg(A)

2. « is a del Pezzo fibration.

Claim 7.2.9. The curve Z, is PL.

If o is a del Pezzo fibration, by the Leray spectral sequence and the
Kawamata-Viehweg vanishing theorem, Z; is P'. The divisor L is
a*Op1(1). Let d be the degree of the generic fibre.

Claim 7.2.10. The integers x and y are positive and coprime; y can
only be equal to 1,2 or 3.

As mentioned in Remark 7.2.8,  and y are coprime. Denote by [ an
effective curve of Z that is mapped to a point by «. Depending on the
degree of the generic fibre, —K3 - [ can only be 1,2 or 3. Moreover,
r(—Kz-l) = L-l4yE-l = yE-l. The divisor F is Cartier and therefore
y divides (=K - [)x. As z and y are coprime, this shows that y can
only be equal to 1,2 or 3.

L2 (=K3) =0
L E=0
L-(-Kz)?=d
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The following sytem of equations is associated to the configuration

(¥, @):

(29 —2)2* —2(—Kz, - T +2—2p,(I'))zy +
(2pa(T) = 2)y° =

(=Kz - T'+2=2p,(I)) — 2(2pa(T") — 2)xy
—(—Kz, - T =24+ 2p,() +e)y* =0

(29 —2)x — (=Kgz, - I'+2-2p,(T))y =d

.« is a divisorial contraction. Recall that Y contains neither a plane

with | — Ky|p2 = Op2(1) nor an irreducible quadric with normal bundle
(—1). In particular, Z; and Z, are Gorenstein and Lemma 7.1.3 shows
that « is of type E1 or E2. The 3-fold Y has Fano index 1 and Picard
rank 1, so it cannot contain a plane P? with —Kypz = Op2(2). The
morphism « contracts a divisor D to a curve C'.

The contraction « is naturally induced by the contraction & of an ex-
tremal ray on a weak* Fano 3-fold X that is a small Q-factorialisation
of Z. The 3-folds X and X are related by a sequence of flops. The
exceptional divisor D of the contraction « is by construction Cartier
on Z and

_KZ = C(*(—KZI) —D. (79)

The divisor a(E ) is Cartier at the centre of o, except possibly at finitely
many points. The formulae (7.7) and (7.9) show that y divides x + 1.
As above, I assume that the indices of Y, Z and Z are equal to 1. Define
k by v+ 1= yk.

Note that the integer y is equal to the Fano index of 7.

Let C be the centre of the contraction . The curve C' is locally a
complete intersection and has planar singularities. Lemma 7.1.3 shows
that the Cartier divisor D satisfies the following equations.

(K7 + D)’ = (-Kz+ D)*(-Kz) = (-K3z)’
(_KZ -+ D)QD =0
(=Kz+ D)D(-K3z) = —Kz - C =1i(Z)deg(C)
(—KZ)D2 = 2p.(C) — 2
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The following system of equations can be associated to the configura-
tion (¢, a).

¥ [(29 — 2)k* — 2(=Kz, - T + 2 = 2pa(I))k + 2p,(T) — 2]

= —K%

(29 — 2)K*(yk — 1) + (=K z, - T + 2 — 2p, () (2k — 3ky)
+(2pa(I') = 2)(Bky — 1) + (= Kz, - I' =2+ 2p,(I') +e)y = 0
(29 — 2)k(yk — 1) — (=Kz, - T + 2 —2p,(I"))(2yk — 1)

+(2pu(T) — 2y = % deg(C)
(29 — 2)(yk — 1) = 2(=Kz, - T +2 — 2p,(I))y(yk — 1)
+(2pa(T) — 2)y* = 2p,(C) — 2

These systems of Diophantine equations have very few solutions, once a value
is chosen for the genus of Y, Z and Z. The solutions of such systems for a
given value of the genus of Y exhibit all possible Sarkisov links with midpoint
along Y.

7.3 Geometric Motivation of non QQ-factoriality

Let Y2 C P? be a terminal Gorenstein non Q-factorial quartic 3-fold. There
exists a Weil non-Cartier divisor on Y. On the one hand, well-known ex-
amples of non Q-factorial quartic 3-folds contain planes or quadrics. On the
other hand, a very general determinantal quartic hypersurface is known to
be non Q-factorial but to contain neither a plane nor a quadric. Yet, it does
contain a Bordigo surface of degree 6. I show that Y has to contain some
surface of relatively low degree. In other words, the degree of the surface
lying on Y that breaks Q-factoriality cannot be arbitrarily large.

Assume that Y does not contain a quadric or a plane. Let X be a small
Q-factorialisation of X. The 3-fold X is a weak* Fano 3-fold on which a
Minimal Model Program can be run.

X = X2 x, 2 X1 2 X,

L L

}/E) Yi U Yn—l Yn
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At each step, Y;, the anticanonical model of X;, has Picard rank 1. Assume
that the first extremal contraction ¢: X — X; is not an isomorphism in
codimension 1. The small Q-factorialisation X — Y can always be chosen
for this to be the case. Assume that ¢ is divisorial. As mentioned above, ¢
can only be of type E1 because Y contains neither a plane nor a quadric and
Y has Fano index 1.

Let E be the exceptional divisor of ¢ and let E be the image of E by the
anticanonical map. Denote by Z the Picard rank 2 symbolic blow up of Y
along E. Recall from Lemma 3.2.7 that there exists an extremal contraction
1 that makes the diagram

X$X1

L,

J——7

|

Y

commutative. The contraction v is studied in Lemmas 7.1.3, 7.1.5 and 7.1.6.
Section 7.2 shows that there is a diagram of the form:

where « is an extremal contraction that is not an isomorphism in codimen-
sion 1. If « is divisorial, moreover, its exceptional divisor is Cartier. Each
configuration of type (¢, &) correspond to a solution of a system of Diophan-
tine equations determined by the types of ¢ and . The configurations listed
in the table on page 129 are the only solutions of these systems.

Remark 7.3.1. I have not listed solutions with e negative (Lemma 7.2.4).

Remark 7.3.2. We can further refine the list of solutions by eliminat-
ing the solutions such that h*!(Z) # h*'(Z). The Hodge numbers them-
selves are not known, but as Z and Z have equal defect and the same
analytic type of singularities, from (2.1), it is sufficient to determine that
h*l(Z,) = hz’l(gt) for the elementary Sarkisov link on the non-singular fibre.
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On the non-singular fibre, h*'(Z;) = h*'((Z1);) + pa(T) (vesp. h*'(Z,) =
h21(Z1):) + pa(Ch))). The terminal Gorenstein Fano 3-fold (Z;); (resp.
(Z1),) is a flat degeneration of a non-singular Fano 3-fold Z| (resp. Z})
with Picard rank 1 and the same genus. The Hodge numbers h*!((Z;);) and
h2’1((§1)t) might not be easily computable, but they are bounded above by
h*Y(Z1) and h*1(Z}) respectively. This is sufficient to rule out cases 16,25
and 32 in the table on page 129.

Notation 7.3.3. In the table on page 129, I write Xy, o C P9™! for Fano
3-folds of Fano index 1, V; for Fano 3-folds of Fano index 2 and @) for the
unique terminal Gorenstein Fano 3-fold of Fano index 1.

The surface F' is defined as the image by the anticanonical map of Z of
the exceptional divisor of 1. More precisely, the exceptional divisor F is
mapped by the anticanonical map to a surface F of degree at most —K% - E.
Lemma 7.1.5 shows that —K% - F = —Kz, -I"+2 —2p,(T) = i(Z;) deg(T") +
2 — 2p,(T). If « is also an E1 contraction with exceptional divisor D, F is
the image of D or of E, depending on which one has smallest degree.

Theorem 7.3.4 (Main Theorem 2). Let Y2 C P* be a terminal Gorenstein
quartic 3-fold. Then one of the following holds:

1. 'Y is Q-factorial.
Y contains a plane P2.
Y contains an irreducible reduced quadric Q).

Y contains an anticanonically embedded del Pezzo surface of degree 4.

SR

Y has a structure of Conic Bundle over P?, Fy or IFs.

6. Y contains a rational scroll E — C over a curve C' whose genus and
degree appear in the table on page 129.

Proof. The only thing there is to prove is that if Y does not contain a plane
and if X, a small Q-factorialisation of Y, admits no divisorial contraction and
does not have a structure of Conic bundle, then Y contains an anticanonically
embedded del Pezzo surface of degree 4.

Step 1. If Y has defect 1 and if Y 1is the midpoint of a link between two del
Pezzo fibrations, both these fibrations have degree 4.
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Vologodsky shows in [Vol01] that if Y has defect 1 and if a two ray game
with midpoint along Y involves two del Pezzo fibrations, then they have the
same degree d and d is either 2 or 4. Recall from Lemma 3.2.8 that a del
Pezzo fibration of degree 2 is impossible when the anticanonical ring of X is
generated in degree 1.

Step 2. If X has a structure of del Pezzo fibration of degree 4, then either
Y contains a plane, or Y contains an anticanonically embedded del Pezzo
surface of degree 4, and the equation of Y can be written:

Y = {a2q+b2q/ = 0} cp?

where as, by, ¢ and ¢ are homogeneous forms of degree 2 on P4,

Let F be a general fibre of X — P!. The fibre F is a non-singular del
Pezzo surface of degree 4 and —Kp = —Kx p. The linear system | — Kx|r
is a subsystem of | — Kp|. The restriction of the anticanonical map to F'
factorises as Q|_ky)|p = V0 Pk, where v is the projection from a (possibly
empty) linear subspace

P(HY(F,—Kp)) ~P*- - ~P(H(F,| — Kx||Fr))

associated to the inclusion of linear systems | — Kx|r C | — Kp|. As X is a
weak* Fano 3-fold, | — Kx| is basepoint free and the image of F' is a surface.
The morphism v can only be the identity or the projection either from a line
not meeting ®|_g,.|(F) or from a point not lying on ®|_x,.|(F).

Note that if v is not the identity, as h°(—Kp) = h°(—Kx) = 5, the map
1 appearing in the long exact sequence in cohomology

0— HYX,—Kx — F) > HX,—Kx) 5 H(F, —Kp) —
— HY(X,—-Kx—F)—0

is not surjective. In particular, H°(X,—Kx — F) is not trivial. There is
a hyperplane section of Y that contains ®_g,|(F). As this holds for the
general fibre I, the fibration X — P! is induced by a pencil of hyperplanes
onY.

Case 3. If H'(X,—Kx — F) # (0) for the general fibre F, Y contains a
plane.
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The rational map Y — —>P! is determined by a pencil of hyperplanes
H. Without loss of generality, we may assume that H is the pencil Hy.,,)) =
{A\zog + pxy = 0} for (A : u) € P. The anticanonical map X — Y is small
and X — P! is a del Pezzo fibration; the map X — Y is a resolution of the
base locus of the pencil H on Y. As the map X — Y is small, the pencil
‘H has a base component on Y'; This is only possible if Y contains the plane
II ={zg =21 =0} = BsH itself.

Case 4. Assume that H*(X,—Kx — F) is trivial, then Y contains an an-
ticanonically embedded non-singular del Pezzo surface S of degree 4, that is
the intersection of two quadric hypersurfaces in P*.

The equation of S is {q(xo,...,x4) = ¢'(xg,...,x4) = 0}, where ¢ and ¢
are homogeneous forms of degree 2. The equation of Y is:

Y = {asq + baq’ = 0} C P*

with ay and by homogeneous forms of degree 2. Geometrically, the structures
of del Pezzo fibrations on small Q-factorialisations of Y arise as the maps
induced by pencils of quadrics (eg £ = {q,¢'} amd M = {as,by}) after
blowing up their base locus on Y, which are anticanonically embedded del
Pezzo surfaces of degree 4. Considering for example the unprojection of Y
with variables of weight 0:

y_ 4 _ b
q az
t = a4 = _q_,
bg (05}

and X (resp. X') the blow-up of X along S (resp. along S’ = {q = by = 0}),
there is a diagram

The 3-fold X (resp. X’) lies on Q x P! (resp. Q' x P') for Q C P* (resp.
(') a quadric that is the proper transform of {as = 0} under the blow-up
of P* along S (resp. S’). The 3-fold X (resp. X’) is the section of a linear
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system |2M + 2F| on Q x P! (resp. Q' x P'), where M = p;Og(1) (resp.
M = p}(Og/(1))) and F = p0si (1),

These have natural structures of del Pezzo surfaces of degree 4 that cor-
respond to t = tO and t' = 2. The map X - -~ X' is a flop in the lines that
are the prelmages of the points defined by {¢ = ¢ = ay = by = 0}. O]
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Zy | Zy | pa(T) | deg(T) a max deg F
1 XQQ X22 0 8 E]_, pa(C) = O, deg(C) =38 10
2 X22 ‘/5 1 9 E]_, pa(C’) = 1, deg(O) =9 9
3 Xoo | Xog | 2 10 El, po(C) = 2, deg(C) = 10 8
4 | Xoo | P? 2 10 Conic Bundle,deg A = 4 8
5 | Xoo | X12| 3 11 El, p.(C) =0, deg(C) =3 5
6 | Xis | Xis 0 6 El, p.(C) =0, deg(C) =6 8
7T Xis| W 1 7 El, p,(C) =1, deg(C) =7 7
8 Xlg Xlg 2 8 E]_, pa(C) = 2, deg(C) =8 6
9 | X5 | P? 2 8 Conic Bundle, deg A =6 6
10 X6 | Q 0 5 El, po(C) = 3, deg(C) =9 7
11 | X6 | X6 1 6 El, p.(C) =1, deg(C) =6 6
12 | X6 | P! 1 6 Del Pezzo fibration of degree 6 6
13 | X6 | X3 2 7 El, p.(C) =0, deg(C) =1 3
14| X | Vi 2 7 El, p,(C) =5, deg(C) =9 5
15 X14 X14 0 4 E]_, pa(C) = 0, deg(C) =4 6
16| X | Q 1 5 El, p.(C) =9, deg(C) = 11 5
17 X14 ‘/3 1 5 El, p(Z(C) = 1, deg<C> =35 )
18 | X2 | Xoo| O 3 El, p.(C) = 3, deg(C) =11 5
19 Xpp | P 0 3 El, p.(C) =7, deg(C) =9 5
20 | X1o | Xio 1 4 El, p,(C) =1, deg(C) =4 4
21 | Xpp | P! 1 4 Del Pezzo fibration of degree 4 4
22 X10 X10 0 2 E]_, pa(O) = 0, deg(C) =2 4
23 [ X | Vs | 0 2 El, po(C) =7, deg(C) = 12 4
24 [ X10 | Vi 1 3 El, po(C) =1, deg(C) =3 3
25 | Xip | P? 1 3 El, p.(C) = 15, deg(C) =11 3
26 | Xg | P? 0 1 Conic Bundle, deg A =7 3
27 | Xg | X 0 1 El, p,(C) =2, deg(C) =7 3
28 | V, | P! 1 3 Del Pezzo fibration of degree 6 6
29 | Vo | X 1 3 El, p.(C) = 1, deg(C) = 6 6
30 V5 | PP 3 12 ElL, pa(C) = 3, deg(C) =8 20
31| Vs | P! 9 13 | Del Pezzo fibration of degree 6 6
322 Q | X | 12 12 EL, pa(C) = 0, deg(C) = 8 10
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