Graded rings and birational geometry

Miles Reid

Abstract

This paper is a written version of my lecture “Rings and varieties”
at the Kinosaki algebraic geometry workshop in Oct 2000, and a series
of two lectures at Tokyo University in Dec 2000. It is intended to be
informative and attractive, rather than strictly accurate, and I expect
it to stimulate work in a rapidly developing field (as did its predecessor
Reid [R3]). The paper was prepared in a hurry to meet a deadline,
and one or two sections remain in first draft. I apologise to the reader
and the referee for any inconvenience caused.

The canonical ring of a regular algebraic surface of general type,
the graded ring over a K3 surface with Du Val singularities polarised
by an ample Weil divisor, or the anticanonical ring of a Fano variety is
a Gorenstein ring. In simple cases, a Gorenstein ring is a hypersurface,
a codimension 2 complete intersection, or a codimension 3 Pfaffian.
We now have additional techniques based on the idea of projection
in birational geometry that produce results in codimension 4 (and 5,
etc.), even though there is at present no useable structure theory for
the graded ring.

This paper applies graded ring methods, especially unprojection, to
the existence of Fano 3-folds and of Sarkisov birational links between
them. The 3-fold technology applies also to some extent to construct
canonical surfaces. A recurring theme is that unprojection often acts
as a working substitute for a structure theory of Gorenstein rings in
low codimension. I discuss what little I understand of the structure
of codimension 4 Gorenstein rings, and present a general and entirely
useless structure theorem. The final section of the paper contains
a brief outline of forthcoming joint work with Gavin Brown on C*
covers of Mori flips of Type A, intended to illustrate the use of serial
unprojection.
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Question 1 is biregular as stated, but is frequently studied in birational terms,
notably by projection methods. As a first introduction to this idea, I spend
some time in Section 2 below on the trivial algebraic trick

(Bx—Ay=0) +— (zs=A,ys=DB)

that goes from a hypersurface to a codimension 2 complete intersection (c.i.),
contracting a divisor x = y = 0. This has many applications to constructing
new Fano varieties, and links between them. As described in Papadakis—Reid
[PR] and in 2.1-2.5, all the quadratic involutions of Corti-Pukhlikov—Reid
[CPR] and most of the construction of links in Corti and Mella [CM] are
here.

The main methods of constructing Fano 3-folds are:

(a) Graded ring methods,
(b) Birational methods,
(c) Embedding a variety in a symmetric space in the style of Mukai.

Method (a) is closely related to the question of projective embeddings. On
the algebraic side, the simplest cases are graded rings in low codimension with
a known structure: hypersurfaces, codimension 2 c.i.s, and codimension 3
Pfaffians.

Method (c) is currently a distantly perceived aspiration: we hope that
we can eventually understand the usually complicated system of equations
defining a variety in geometric terms, for example, as a section of a key
variety having an interpretation, say in terms of linear algebra or algebraic
groups. The key variety is often simpler and has more structure than its
lower dimensional sections. In this vein, Examples 7.1-7.6 obtain several
classic and modern constructions of surfaces and 3-folds as general sections
of bigger “key varieties”. This is perhaps a model for applications of 3-fold
techniques to older branches of geometry, such as canonical surfaces.

Definition 1.1 A Fano 3-fold (also Q-Fano 3-fold) is a variety X in the
Mori category (that is, X is projective and has at worst Q-factorial terminal
singularities) with p = rank Pic X = 1 and —Kx ample. The anticanonical
ring of X is

R = R(X, —KX) = @HO(O)((—NK)())

n>0
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It is known to be a Gorenstein ring (see for example [GW]).

An important case is when —Kx generates the class group of X, that
is, C1X = Z - (—Kx), corresponding to Fano’s varieta di prima specie. The
alternative is that — Kx is divisible in Cl1 X, or that Cl X has a finite torsion
subgroup (for example, if X is an Enriques—Fano variety); it is then normally
more efficient to work with the slightly bigger ring @ e x H*(Ox (D)),
which is graded by N & torsion.

See [CPR], 3.1 for the definition of Sarkisov link of type II and Corti
[Co] for more general Sarkisov links. As explained there, a link X --» X’
of type II between Fano 3-folds involves first making an extremal extraction
Y — X (usually a point blowup), then running a 2-ray game or minimal
model program on Y until it finally contracts a divisor back down. All the
links constructed in [CPR] are made by calculating the anticanonical ring of
Y. That is, the birational question is attacked by biregular or graded ring
methods.

1.2 Projection through the ages

It is interesting that successive generations of algebraic geometers interpret
projection in several remarkably different ways.

(i) Historically, projection always means linear projection of a variety in
(unweighted) projective space P to a smaller P, Projection from a
general linear centre disjoint from the variety is used in proving foun-
dational results such as Noether normalisation, or the existence of a
birational projection to a hypersurface, or to define the dimension,
function field or canonical divisor of a variety.

(ii) Generic projection allows us to assert that any variety has a birational
morphism to a hypersurface with ordinary singularities. Italian projec-
tion is a technique for studying a canonical surface S that goes back to
Enriques and was later developed by Ciliberto [Ci] and Catanese [Cal—
[Ca2] and others. In modern terms, it consists of analysing the canoni-
cal ring R(S, Kg) of S as a module over a polynomial ring k[z1, ..., x,]
(preferably with n = 4,5, etc.), where x; € H(Kg) or H°(2Kg) corre-
spond to some initial set of generators that define a generic projection
X — X C P? or P*. For surfaces with p, = 4, taking a basis of H°(Ks)
as generators (the 1-canonical map) is so natural and instinctive that
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(iii)

it is often not perceived as a choice. If X is a canonical surface then
Kx = Ox(1), and the image X of a projection X — X C P? has
K+ = O(d — 4), so that the difference between Kx and K+ has to be
accounted for by the normalisation of X along its double locus (called
“subadjunction”), the intersection of X with the adjoint of smallest
degree. See [Ca|-[Ca2] for details.

While in the hands of the maestri this method gives very interesting
examples and results, it is conceptually messy and computationally
unpleasant, and probably intractable. See Problem 7.7 for a comparison
between Italian and Gorenstein projection.

Meanwhile, del Pezzo exploited linear projections S; --+ S;_; between
del Pezzo surfaces from a point P € Sy, and Fano and later Iskovskikh
worked with linear projection of a Fano 3-fold V' from a centre contained
in V, notably projection from a line 7y : V' --» V'. These take one
anticanonical variety to another, that is,

KV = Ov(—l) and KV’ = OV/(—l)

and are cases of Gorenstein projection: for this to work involves the
discrepancy of the blowup coinciding exactly with the multiplicity of
the centre subtracted from the linear system (compare [PR], 2.7).

Mori and his followers (notably Takeuchi and Takagi) reworked Fano
and Iskovskikh’s study of Fano 3-folds in terms of extremal rays or
MMP. Instead of just doing the linear projection that comes instinc-
tively to someone versed in projective geometry, Mori views Fano’s
projection V' --» V' as first the blowup of a line V' — V, followed by
a MMP or 2-ray game in the Mori cone of V', that finds and contracts
extremal rays to obtain first a flop, then a divisorial contraction to V.

My view of projection is based on the work on Sarkisov links in [CPR]:
if X is a Fano 3-fold, and X; — X a Mori extraction (usually a point
blowup), say with exceptional divisor E of discrepancy %, the anti-
canonical ring Ry = R(X;,—Kx,) is a subring of R = R(X, —Kx),
consisting of forms of degree d vanishing ‘;i times on E (see Exam-
ple 9.13 for a particular case, and compare [CPR], 3.4). This ties in
closely both with Fano projections and with the Mori 2-ray game, but
in general, it does not directly predict anything about the algebra of



Ry or the geometry of Y = Proj Ry, or the rational map X --» Y. In
good cases, X --+ Y may be a projection from one weighted projective
space (w.p.s.) to another, obtained by eliminating a single generator of
R of high weight; but we do not start out by assuming that, and more
complicated things happen in applications (see Examples 9.13-9.14).

In higher codimension, the idea of Kustin—Miller unprojection [KM], [PR]
often acts as a workable substitute for a structure theorem. I discuss this in
Sections 5-8 with some pretty applications. More complicated unprojections
not of Kustin—Miller type, with exceptional divisor that is not projectively
Gorenstein, can be used to similar effect (see Section 9), even when the
algebra is complicated and not really properly understood. The examples
of Type II unprojections discussed in Section 9 arising from Selma Altinok’s
work [A] are really nontrivial applications of these methods.

In Section 10, I explain an application of geometric ideas to the structure
theory of rings in codimension 4. Although I state a “structure theorem”,
the answer is still elusive, and my result is not yet explicit enough to have
any predictive power.

The idea of unprojection is just made for serial use. That is, it can be
used many times over in an inductive way to produce Gorenstein rings of
arbitrary codimension, whose properties are nevertheless controlled by just a
few equations as a new unprojection variable is adjoined. Section 11 discusses
briefly how this applies to the Z-graded rings over Mori flips (forthcoming
joint work with Gavin Brown).

1.3 Acknowledgments

Several items in what follows are derived from conversations with Selma
Altinok, Gavin Brown, Alessio Corti, Mori Shigefumi, Mukai Shigeru, Stavros
Papadakis and Takagi Hiromichi, and I refer in several places to results from
Papadakis’ forthcoming thesis [P]. I thank Takagi for providing me with
excellent lecture notes. My stay in Japan was generously supported by Kyoto
Univ., RIMS, and I am extremely grateful to Professors Kawamata, Miyaoka,
Mori and Saito Kyoji for invaluable assistance and friendly hospitality. This
paper was written during a short summer solstice visit to John Cannon’s
Magma group at the University of Sydney; I thank them for the invitation,
and for all the wonderful meals.



2 The Bxr — Ay argument

The most basic example of unprojection consists simply of replacing a hyper-
surface Bx — Ay = 0 that contains a codimension 2 c.i. x = y = 0 by the
codimension 2 c.i. s = A,ys = B. Despite its trivial appearance, this trick
has many applications.

2.1 The unprojection variable s = A/x = B/y

Write P = P"(aq,...,a,) = Projklzo,...,z,| for the w.p.s. with weights
wtx; = a;. Let D : (z =y =0) C P" be a codimension 2 c.i.; here z,y could
be two of the coordinates z;, x;, or any two hypersurfaces with no common
components. Then any hypersurface containing D is of the form

X :(Bx — Ay =0) C P"(ag, ..., an).
Assume that deg A > wt z. Now define
Y :(zs = A,ys = B) C P""' = Projk[zo, ..., T, 5],

where wt s = deg A — wtxz. Then Y contains the point “at infinity” of the
w.p.s. P,=(0:---:0:1), where z; = 0 for all 4, but s # 0.

There are two inverse birational maps: X --» Y is the unprojection, or
the graph of s, obtained by adjoining the unprojection variable

A B
.=

s (2.2)
The inverse Y --» X corresponds algebraically to eliminating s. In terms of
geometry, it blows P, up to a divisor D C X.

The following familiar setup is a special case of the Bx — Ay trick: let

LcCS;cP?

be a cubic del Pezzo surface containing the line L : (x = y = 0). Then the
defining equation of S3 is Bx — Ay, where A, B are quadratic polynomials
in P3. The condition for S5 to be nonsingular along L is that A, B have no
common zeros on L, so that s given by (2.2) is well defined, and defines a
morphism S5 — T} = Q; N Q, C P* to a del Pezzo surface of degree 4. This
is the contraction morphism of L provided by Castelnuovo’s criterion.
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However, the same equations apply much more generally: the hyper-
surface X : (Bx — Ay = 0) can be of any degree in a w.p.s. of any dimension,
and can be arbitrarily singular, provided only that z,y remains a regular
sequence. If A, B do not both vanish along any component of z = y = 0
(that is, if D : (z =y = 0) C X is a Weil divisor, or a Cartier divisor at
every generic point), then X --» Y is birational.

2.3 Application to Sarkisov links

Consider an anticanonically embedded hypersurface
P(lv ai, CLQ) C Xd C ]P)(]-7 ai, as, as, a4)

of degree d = deg X = a; + - - - + a4 containing a plane P(1,ay, az). Here X

is one of the “famous 95”, but is not in the Mori category: it has equation

Bxs — Axy = 0, and is not Q-factorial at points with A = B = x5 = 24.
Assume that a4 > az. Then X is the midpoint of a Sarkisov link of type II

Z«—-X--Y, (2.4)

which is either one of the quadratic involutions of [CPR], 4.4-4.9, or of the
type studied by Corti and Mella [CM]. Both broken arrows are given by the
Bx— Ay trick: suppose that X is the hypersurface X : (Bxs— Axy = 0). The
rational map X --» Y contracts the plane P(1,aq,as) to the point Py € Y,
with Y the graph of s = x—‘43 =25 and

xg’

Yi-asd—ay : (S23=A,sx4 = B) CP(1,ay,...,a4,a1 + az).

This is a general codimension 2 c.i. of the stated degrees. If A = x4, then
the first equation sr3 = A eliminates x4, and Y is a general hypersurface
in P(1,a,...,as,a; + az). In this case X : (22 + --- = 0) has a biregular
involution, Y = Z, and the link (2.4) is one of the quadratic involutions of
[CPR], 4.4-4.9.

On the other hand, Z is the graph of ¢ = £ = B (recall that ay > a3).
Then X --» Z contracts the divisor D : (z3 = A = 0), and Z is defined by
the equations x4 = txs, At = B. Because of the first equation, Z is still a
hypersurface

Zd—a3 C IED(]-) ai, az,0as3,a4 — a3)

with defining equation F' = A(xo, ..., xs,tx3)t — B(xo,...,xs,txs), that is,
At — B after the substitution x4 +— tx3. Because of this, Z;_,, is not a general
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hypersurface of the stated degree. It is a Fano 3-fold in the Mori category,
but has a funny terminal singularity at the point P,. At this point, the clas-
sification of Sarkisov links gets tangled up with the classification of divisorial
extractions in the Mori category, on which there has been considerable recent
progress; see Corti-Mella [CM], Kawakita [Ka]-[Ka2] and Takagi [T].

2.5 Corti—Mella

The typical case, and the starting point of [CM], is when Z = Z, C P* is a
quartic hypersurface with a singularity of analytic type zy = z* +t3. Then
Z is algebraically factorial, so in the Mori category. Corti and Mella prove
that the (2,1,1,1) and (1,2,1,1) weighted blowups of the singular point
are divisorial extractions. Each of these blowups leads to a Sarkisov link of
type II as just described:

BlZ,

/ N\
Z4 (X5 C ]P)(14, 2)) -=> }/3’4 C P(14, 22)
cont’g P? : (xg =y = 0) general element

(2.6)

I have only described the easy part of Corti and Mella’s argument, con-
structing the link (2.6) as an application of a fairly trivial piece of algebra.
The hard part of their work is to show that Z; and Y34 are a birationally
rigid pair: that is, any Mori fibre space birational to them is biregular to Z,
or Y3 4. This is the problem of excluding links to any other Mori fibre spaces.
For this, in addition to the technology of [CPR| and Corti [Co2], they need to
prove that the only extremal extractions from the singular point xy = 2% +¢3
are the (2,1,1,1) and (1,2,1,1) weighted blowups.

3 Varieties and graded rings, Proj R, Hilbert
series

Everyone knows the correspondence

X = Proj R,0x(1) «— R = @ H(X, Ox(n)) (3.1)

n>0

between projective varieties and graded rings. See for example [EGA2] or
[Hartshorne], Chapter II. With the exception of Section 11, I assume that
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the ring is N-graded, that is, R,, # 0 only for n > 0, and Ry = k (the ground
field k& = C). The ring R is almost never generated in degree 1, so that
Ox (k) is not necessarily determined by Ox (1), and I should really specify
(X, B,.c;, Ox(k)) on the l-h.s. of (3.1); for our purposes it is usually enough
to take Ox (k) = Ox (kD) for some ample Weil divisor.

3.2 Tutorial on Hilbert series

One of the standard applications of graded rings is when the Hilbert! series
P(t) = > P,t" is known, where P, = dim R,, (typically, by the Riemann—
Roch formula), and we can use it to guess a plausible form of R by generators
and equations, and hence a plausible model of X as a variety in a w.p.s. with
those generators and defining equations.

Example 3.3 X is a surface of general type with invariants p, = h(Kx),
q = h'(Ox) and K?. Tassume that ¢ = 0, so that X is regular; using Kodaira
vanishing, this implies that H'(X,nKy) = 0 for all n, so that the graded
ring R(X, Kx) is Gorenstein by [GW]. Then by Riemann-Roch

1
P, = Dy
pg+1+ (5)K? forn>2.

The Hilbert series P(t) = ) P,t" is thus

n
P(t):1+pgt+(pg+1+K2)t2+---+(pg—l—(2>K2>t"+---

I calculate (1 — ¢)P(t) by long multiplication; this amounts simply to differ-
encing the coefficients of the power series:

(1=t)Pt)=1+(p, — Dt+ 1+ KHt* + -+ nKt" + - -
Again multiply by 1 — ¢:

(L= t)*P(t) = 14 (g — 2t + (K> —py + 2)* + -+ + K" 4 -+,

IThe letter P stands for Poincaré. The technique is so called because it was first used
systematically by Cayley and Sylvester in the context of invariant theory. I recently asked
a couple of math historians where to find Cayley and Sylvester’s treatment, and I am
indebted to them for the handy tip: read their collected works in the library.
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and again, to get
(1 —=t)3P(t) = 14 (py — 3)t + (K* — 2p, + Dt* + (p, — 3)> + 11 (3.4)

Notice that the polynomial is symmetric (“Gorenstein symmetry”), and the
sum of the coefficients is K? = deg X.

An important case is when p, > 3 and | K'x| is free; then there are elements
Ty, To, v3 € HY(Kx) that form a regular sequence for R(X, Kx), and (3.4) is
the Hilbert function of the Artinian quotient ring R(X, Kx)/(x1,x2,x3). In
particular, all the coefficients of (3.4) are > 0. However, (3.4) holds without
any assumption on |K x|, for example, even if p, = 0.

I gave the above treatment of Hilbert series in a very simple case to
illustrate the method, but there are similar formulas and methods much
more generally. There is already, for example, quite a lot of experience of
working with Hilbert series on surfaces with quotient singularities or 3-folds
with canonical singularities; compare Altinok [Al] or Kawakita [Ka]-[Ka2].

Example 3.5 In Reid [R], I considered the algebraic surface X with p, = 3,
q = 0 and K? = 4 arising as the universal cover of a Z/4 Godeaux surface.
Write R(X, Kx) for the canonical ring of X. Its multiplied out Hilbert
polynomial? is

(1—=1)*P@t) =1+ (p, — 3)t + (K* —2p, + 4)t* + (p, — 3)t* + t*
=142+ ¢4

Thus the ring needs 3 generators x1, x5, 3 in degree 1, and 2 generators y1, ys
in degree 2 (at least). Putting in these generators gives

(1 -1 —t2P(t) =1 —2t* + 1% = (1 — )%

2T apologise for this unconventional use of terminology. Hilbert polynomial traditionally
means the polynomial Pr(n) = x(X, F(n)), which coincides with h°(X, F(n)) after all the
cohomology has died out, when n > 0. Here I am using multiplied out Hilbert polynomial
for the numerator of the Hilbert series P(t) = >_ P(n)t"™ after a denominator [](1 — ¢t%)
has been chosen, corresponding to a choice of generators (z1,...,z,). Maybe it would be
better to say Hilbert numerator, or Cayley—Sylvester polynomial.

In most cases of interest for w.p.s., O(1) is not a line bundle, so Px(n) is usually not a
polynomial, but one of a choice of polynomials depending on n modulo the index.
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We note that this coincides with the multiplied up Hilbert polynomial of a
c.i. of two hypersurfaces® of degree 4:

Elz1, w2, 23,91, y3]/ (fo, f2)-

Thus a plausible model for R(X, Kx) is X = X44 C P(1%,22). One sees that
a suitable choice of the two relations makes X nonsingular, and setting

x; > e'x; fori=1,2,3 and y; — 'y, fori=1,3

defines a fixed point free action of Z/4 on X, where ¢ = exp(27i/4) is a
primitive 4th root of 1. In [R], I showed that every Z/4 Godeaux surface
is obtained in this way by dividing a surface X = X, 4 C P(1%,2?) by this
group action.

Remark 3.6 I conclude this brief tutorial on Hilbert series with the relation
between the multiplied out Hilbert polynomial [} (1—t%)Pg(t) = Q(t) and
the free resolution of the graded ring R = R(X, Ox(1)) over the polynomial
ring A = klxo,...,z,]. The generators x; are always chosen so that R is a
finite module over A. Geometrically, this means that the x; have no common
zeros on X and define a finite morphism 7: X — X C P(aqg,...,a,). Then
7,Ox is a sheaf on P or on the image X whose Serre module is the ring
R =@ H°(Ox(n)). T write the sheaf m.Ox even when I mean the ring R.
(As explained in [PR], 2.4, the rigorous algebraic treatment works via the
coherent Lefschetz principle with the vertex of the affine cone over X, that is,
R localised at the “irrelevant” maximal ideal, but I don’t want to spend time
on this.) By the Hilbert syzygies theorem, there exists a finite free resolution

0—mOx — Ly Ly — - — L, —0, (3.7)

where each L; is a free graded module, that is, £; = @D Op(—b; ;). Here Ly =
Op if and only if X = X is embedded as a projectively normal subvariety,
that is, k[zo,...,z,] = R(X,0x(1)). Each homomorphism £;; — L; is

3This is a basic exercise. [Hint: expand [] = as the sum of all monomials in
klx1,2,...], each with coefficient 1. Substitute z; — t%*, where wtx = a; to prove
that the Hilbert series of the weighted polynomial ring is [] ﬁ Cutting by a regular

element of degree d multiplies by (1 — t%), so a weighted c.i. has Hilbert series %Etiz; ]

For more practice, do the [Homework].
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a matrix whose entries are homogeneous of degrees b;1;; — b;j, so that the
homomorphism can be considered to be homogeneous of degree 0. Then

n

Q) = ] — t)Palt) = S (1)t

1=0

In other words, each direct summand Op(—b; ;) contributes a term ¢, with
the generators of Ox (that is, L) counting positively, the relations £; neg-
atively, the first syzygies positively, second syzygies negatively and so on.
Unfortunately, the polynomial expression Q(t) does not entirely determine
the shape of the resolution (3.7). For example, a positive term may mean a
new generator, or a first syzygy between the relations, etc. See the sidestep
in Example 7.1 for a typical instance.

The really useful thing is Gorenstein symmetry. If R is Gorenstein, the
resolution (3.7) has length equal to the codimension m = c¢. Moreover,
L. (Ly)" ® Op(—k), where k is the adjunction number, that is,

wx = wpn @ Ox (k) = Ox (K~ Y ar),

and L. ; = LY ® O(—k). In particular, the polynomial Q(t) is symmetric:
t™ and (—1)t*~™ appear with the same coefficient. In writing out Q(t), I
usually indicate the final term (—1)¢*, but only write out the terms up to the
centre of Gorenstein symmetry, say something like 1 —#3 —3¢*+12t4 —. .. ¢,

Example 3.8 If X C P(ag,...,a,)is a 5 x 5 Pfaffian then

n

5 5
[Ta—tPe(ty =1 "t +y it -4
i=1 1=1

=0

where b, = deg Pf;. For example, if X is a K3 surface in weighted P° then
Kx =0, so that k = > a;, and the entries in the skew matrix are k —b; — b;.
Thus the Pfaffian Pf; = Pf;;,; (where {l,4,5,7,j'} = {1,2,3,4,5}) has
degree

by =2k —b; —bj — by — by,

and hence S0 b; =2k =230 a,.
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4 Constructing Fano 3-folds by unprojection,
first examples

Example 4.1 Given IT : (z; = 23 = 23 = 0) C P°, construct a c.i. X9z C
P° containing IT and as general as possible (preferably nonsingular, but see
below). Suppose that

T1
(a1 a2 as .
X2,3 : (bl b2 b3) ) = 0, (42)

X3

with dega; = 2,degb; = 1.

To contract II to a point, I construct a function (homogeneous form) with
pole on II. There is a clever way of doing this (see Section 5), but I want to
start by explaining a stupid way. If I view (4.2) as 2 linear equations in 3
variables, they have a unique solution up to proportionality

Ty ~ a2b3 — agbg, etc.,

by Cramer’s rule. This suggests setting yx; = A;, with A; the 2 X 2 minors
of (4.2), so that
y=A;/x; fori=1,23

gives the required rational homogeneous form of degree 2 with ideal of de-
nominators (1, e, x3), the ideal of II.

Adjoining y with the new equations yx; = A; gives rise to a new variety
Y C P(1°,2) defined by the 5 Pfaffians of

Yy ar a2 as 2 2 2 2

by by b3 1 1 1
S of degrees 11 (4.3)

il 1

4.4 Notation

I write
My M1z Miga Mis

Ma3 Mgg Mas
ms3q M35
mys
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for a skew 5 x 5 matrix. That is, I omit the diagonal terms (which are zero)
and the mj = —m,; with ¢ < j. If you are a beginner, you may prefer to
write out the diagonal zeros for a while until you get used to it. The 4 x 4
Pfaffians are say, deleting the 5th row and column,

Pf5 = Pf12.34 = M12M34 — M13Ma4 + M14M23.

In the above construction, y appears linearly in 3 of the Pfaffians (4.3),
such as Pfis45 = yx1 — asbs + asby, as the constant of proportionality in
Cramer’s rule, and the 2 Pfaffians not involving y are the equations (4.2).

Of course, I lied about X5 3 being nonsingular. In fact, since X con-
tains the plane II, it has a number of singularities and cannot be factorial.
Generically, the singularities are 7 nodes at the points A; = Ay = A3 = 0.
We do not admit X as a Fano 3-fold in the Mori category because it is not
Q-factorial (compare [CPR], 4.1). At these points every numerator and de-
nominator of y = A;/x; vanishes, so that y is not defined, and the rational
map X --» Y involves first blowing up II to make it a Cartier divisor before
contracting it.

As in 2.3, the nonfactorial variety X, 3 is the midpoint of a Sarkisov link:

P? ¢~ X553 -—» Y. (4.5)

Here the left-hand map is obtained by restricting the linear projection map
P° --» P2 given by z1, 29, x3. Since over (Aj, Ao, A3) € P? the two equations

are linear and quadratic in z;, this is a conic bundle.
To be polite, I write out the broken arrows in the Sarkisov link (4.5):

A €= Y

7N SN
P? X3 Y34

Here Y — X is the blowup of the plane II, a flopping extraction that makes
IT Cartier. ¥ — Y is just the contraction of P? in the nonsingular Y to a
singularity of type $(1,1,1). The map Y --» Z is the flop of the curves over
the nonfactorial points of II, and Z — P? is the conic bundle.

15



Example 4.6 This example starts similarly, but with the gradings slightly
changed. However, the different grading makes a crucial difference to the
left hand side of the link. Let x1,..., x4, y1,y> be homogeneous coordinates
on the w.p.s. P(1%,2%), and consider the plane IT = P?(xzy, z3,74) defined
by (1 = y1 = y2 = 0). A general c.i. X34 C P5(1%,2?) containing II has
equations

a by b\ [

. o2 _

X34: <c dy d2> n | =0, (4.7)
Y2

with dega = 3,degb; = degc = 2 and degd; = 1. As before, I introduce a

new variable

_ bidy — body
=
as the constant of proportionality in Cramer’s rule. This gives the new variety
Y C P(1%,2%) defined by the Pfaffians of

UYs3 = etc.

a ¢ —Y U 3 2 2 2
Ys bl b2 2 2 2
4 dy of degrees 11

T 1

As before, the rational map X --» Y C P(1%,2%) contracts the plane IT to a
singularity of type % (I write % as an abbreviation for the index 2 singularity
%(1, 1,1) since no ambiguity is possible. The degrees can easily be predicted
from the multiplied out Hilbert polynomial 1 — 2t3 — 3t* 4 3¢5 4 2t6 — ¢7,
compare [CPR], 7.2.2.)

So far, this is exactly the same as Example 4.1. However, the other side
of the link

Z e (H C X34 C P(1%, 22)) Y C P(14,2%)

is completely different, mainly because the plane Il has defining equations
x1 = y1 = Yo = 0 of different weights: z; has degree 1 and vanishes once on
I1, whereas the y; have degree 2 and still vanish only once on II. Weight-for-
weight, z1 vanishes more. This is crucial in the strategy explained in 1.2, (v)
of constructing links via graded rings.

What happens is that the hyperplane z; = 0 cuts X34 in II U F', where
the residual surface F' is defined by

Yy by dy
pr— <
r1 =0, rank (—y1 by d2> < 1.
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This is a scroll passing through the two % singularities of X, with (y; : y2)
the coordinate in the fibre. The other side of the link Z «-- X contracts F'
to a line on a Fano 3-fold Zy3 C P(1%) passing through 2 ordinary double
points (Takagi, [T], Case 2.1). I take up this story again in Example 9.16 as

an example of an unprojection of Type III.

5 Kustin—Miller unprojection

The common theme of all the examples of Sections 2-4 was to make a new
variety as the graph of a homogeneous form s with pole along a divisor.
Unprojection does this systematically. The simplest case of unprojection
(“Type I7) is due to Kustin—Miller [KM] in the early 1980s and Papadakis—
Reid [PR].

5.1 The unprojection variable s € Hom(Zp,wy)

The main idea is as follows: suppose that X and D C X are projectively
Gorenstein varieties, D has codimension 1 in X and dim X > 2. Then the
adjunction formula for the Grothendieck dualising sheaf wp automatically
provides a homogeneous form on X with pole along D. More precisely,
assume that

wx = Ox(kﬁx) and wp = OD(]CD), with ]{?X > ka.

Theorem 5.2 ([KM], [PR]) There is a rational section s of Ox(kx —kp)
with pole on D that defines a rational map

X --» Y C P"[s] = Proj k[zo, ..., xn, ]

taking D to Ps = (0 :---:0:1). Moreover, Y is again projectively Goren-
stein.

Sketch proof The dualising sheaf of D is given by the adjunction formula:
Wp = g%té){(@p,&)x).

Here the Eat is calculated by applying the derived functor of Hom to the
short exact sequence Zp — Ox — Op. Clearly Hom(Op,wx) = 0 and
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Ext'(Ox,wx) = 0 because Oy is locally projective, so that we obtain the
exact sequence
0— wWx — Hom(ID,wX) — Wp — 0,

where the last map is the Poincaré residue map: if D is a Weil divisor,
it can be written in the vulgar form Ox(K + D) — Op(Kp). Now since
wp = Op(kp), we can twist back to obtain

Hom(ID, Ox(k‘X — /{JD)) — OD — 0.

Since also H'(wx(i)) = 0 for all ¢ by the projectively Gorenstein assumption,
we deduce that there exists an element

s € Hom(Zp,Ox(kx — kp))

that has residue 1 € Op. Thus s has divisor of poles exactly D. It is our
unprojection variable; it is the same thing as the elements s calculated in an
ad hoc way in Sections 2-4, but here it is derived in a systematic way from
Grothendieck duality, without any direct calculation.

See [PR] for the proof that Y is projectively Gorenstein. Note that if we
write Zy(kx — kp) = s(Zp) C Ox(kx — kp) then N is the divisor of zeros of
s. Under X --» Y, D is contracted to a point, and N maps isomorphically
to the hypersurface section s = 0 of Y. The point of the proof in [PR] is
that the isomorphism s: Zp x = Zy x(kx — kp) (as ideals in the Gorenstein
scheme X)) implies that D is projectively Gorenstein if and only if N is, and
then Y is projectively Gorenstein because its hypersurface section s = 0 is
isomorphic to N, hence projectively Gorenstein. [

Remark 5.3 When contracting a divisor D in a normal variety X, it is
traditional to assume that Op(—D) is positive in some sense; here I express
this as the comparison kx > kp between wy and wp. This comes to the
same thing for a Cartier divisor D by the adjunction formula, but is much
more powerful in general. We do not need to assume that X is normal (or
even reduced), or that D is even a Weil divisor (see [PR], Example 2.2).
The standard proof of Castelnuovo’s contractibility criterion consists of
persuading a line bundle £ to be very ample outside D but trivial on D,
and to have a section that restricts to the generator 1 € Op. This involves
nonsingularity, intersection numbers and cohomology vanishing.
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The construction of Theorem 5.2 works instead by finding a section
s € Hom(Zp,wx ® Ox(—kp))

whose residue on D generates wp ® Ox(—kp). There are no considerations
of nonsingularity, intersection numbers or cohomology vanishing, just direct
use of the projectively Gorenstein assumption on X. The extra power, as
so often in my experience, comes from using the raw form of Grothendieck—
Serre duality, without trying to interpret wx and wp in terms of differentials
% or line bundles Ox(Kx + D) as we used to do in centuries past with
nonsingular varieties. See Section 9 for generalisations.

6 Applications to Fano 3-folds

Tano-Fletcher [F] lists the K3s and anticanonical Fano varieties whose graded
rings are hypersurfaces or codimension 2 c.i.s. There are the “famous 95”
families of hypersurfaces, and 84 (respectively 85) families of codimension 2
c.i.s. The odd one out here is the remarkable codimension 2 Fano 3-fold

X12,14 C P(2, 3, 4, 5, 6, 7)

that does not correspond to a family of K3s, because H*(—Kx) = 0.

Examples 4.1 and 4.6 above are typical cases of unprojection from codi-
mension 2 c.i. to codimension 3 Pfaffian. Several dozen more can be found
by choosing a codimension 2 c.i. from [F1], 16.7, Table 6 containing a suitable
plane P(a, ay, a3) as a divisor. Altinok [A] lists the K3s whose graded rings
are codimension 3 Pfaffians (69 families) and codimension 4 rings (115 con-
firmed families, and another 23 plausible candidates that still require more
work). Many of her cases of codimension 4 K3s extend to Fano 3-folds (with
some effort). All but a handful of her codimension 3 and confirmed codimen-
sion 4 cases are obtained as Type I unprojections.

Remark 6.1 Both Fletcher’s and Altinok’s lists contain an implicit gener-
ality assumption that exclude, for example, the monogonal and hyperelliptic
degenerations such as Xo C P(1%,2,3) and Xp4 C P(1%,2). It would be
interesting to plug this gap; linear systems on K3s are well behaved with
a small number of exceptions that are themselves clear-cut dichotomies, so
there should only be a couple of dozen new cases.
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While not so interesting in themselves, these huge lists of Fano 3-folds
are now acquiring some importance, and we search them repeatedly to dis-
cover regular patterns (for example, codimension 2 c.i.s that contain a plane
P(1, a4, az) and have only terminal singularities, generalising Examples 4.1
4.6), and then to find the first few cases where that pattern breaks down.
Compare Altinok’s Example 9.13, which looks like a weighted 5 x 5 Pfaffian
on the basis of its Hilbert polynomial, but fails one little test; all of this can
easily be automated. It is a really worthwhile project to make a computer
database containing all the known information about the lists in searchable
form — at present, it might take several hours’ search and calculation to find,
say, a codimension 4 example X C P(1%,2% a7, ag) having 7 x % and some
singularity of index > 5, with multiplied out Hilbert polynomial starting in
1 — 3t2 — 45 4 .- -, and expensive taste in cigars. A working first version of
this database, programmed by Gavin Brown but based largely on Altinok’s
thesis [A], will be included in the next export of Magma [Ma] in early summer

2001.

6.2 Takagi’s lists

In his Tokyo thesis [T], Takagi Hiromichi gives a systematic treatment of
Fano 3-folds with singularities of Gorenstein index 2 and h%(—Kx) = g + 2
with genus ¢ > 2. This is a major achievement, comparable to the work
of Fano, Iskovskikh and others over several decades in the nonsingular case.
To simplify, assume that the only singularities are quotient singularities % :
Takagi’s lists include several cases of anticanonical 3-folds X embedded in
P7(1%,2%) with a + b = 8 as projectively Gorenstein codimension 4 sub-
varieties. Consider in particular the following numerical types:

genus | singularities | embedding | Hilbert polynomial

g=4 2><% X cP(as,2) |1 -2 =734+ 7th — -+ 10
g=3| 3x3i |XCP(1%2%)[1—-6t2—t'+120— .. ¢!
g=2 4><% X CcP(1%,24) |1 —3t3 —6t* + 85 + .- - 4 ¢!

Takagi gives a rigorous geometric treatment of every variety with these
invariants. His work is in terms of Mori theory, so that, for example, he
constructs varieties, their blowups and morphisms between them using the
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MMP, rather than by calculating graded rings. However, he pointed out
to me that each of these numerical cases in codimension 4 gives rise to 2
different types of variety, and made the beautiful and almost certainly correct
prediction that these probably correspond to the two families of unprojection
treated by Papadakis [P], that we call Tom and Jerry. I verify this here in
the ¢ = 4 cases (the ¢ = 2 and g = 3 cases would make fun exercises).
In this case, projecting from either of the % singularities gives a Fano 3-fold
X C P(15,2) with multiplied out Hilbert polynomial 1—¢? — 4¢3 44 +¢5 —¢7,
which is a 5 x 5 Pfaffian given by a matrix of degrees
2 2 2 2
111
11 (6.3)
1

This family of 3-folds X was constructed in Example 4.1 by unprojecting

a plane, but now I require that it contains another plane I1. By choosing

coordinates, I assume II = P?(xy, 75, 76), defined by 7y = 25 = 23 = y; = 0.
The point of Tom and Jerry is this:

There are two quite different ways of putting Il inside X.

Example 6.4 (Takagi, No. 4.4) The first method is to assume that the
bottom right 4 x 4 block of the 5 x 5 matrix consists of linear combinations
of the given regular sequence x1, zs, 3, y1:

Ty X5 Te P

M = L1 T2t ,  with degp =2, dega,b=1. (6.5)
T3 aI9
b[L‘l

The Pfaffians of M then clearly belong to the ideal generated by x1, xo, 3, y;.
One sees in this case that (6.5) is the general solution: xy, xg, x3 and y must
appear with unit coefficients for reasons of degree, and any other terms can
be eliminated by row and column operations. (The terms that survive cannot
be eliminated: mos = x5 and mgs = axy are “Pfaffian partners”, with no row
or column in common, and the same for mog = 1 and mys = bx;.)

This is the setup for a Tom unprojection. Theorem 5.2 asserts that there
exists an unprojection variable 5, a rational homogeneous form of degree 2
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with II as its divisor of poles; however, it does not say how to construct ys.
This problem is solved for the general Tom unprojection in Papadakis’ thesis
[P]. Here the answer specialises to

Y2&1 = AT4Te — PTs,
Yoo = bryxs — prg,
Yoy = bai + axg,
Y2U1 = abxi - Pz-
Remark 6.6 In this case, the whole set of 9 equations can be given as the
4 x 4 Pfaffians of the following 6 x 6 extrasymmetric matrix

Ty T5 Te P Y2
Ty T2 U1 p
T3 a2 Qg

bxi bxs

abzy

The unprojection variable y, goes in the top right-hand corner, from whence
it multiplies the 4 x 4 block containing the regular sequence x1, z2, x3,y;. The
matrix is symmetric about the antidiagonal, except that the 356 triangle of
entries mss, msg, Msg is multiplied by a and the 456 triangle by b. Of its 15
Pfaffians, the last 6 are just repetitions or simple multiples of the first 9.

The mechanism in geometry is that the Segre embedding P? x P? C P? is
a (nongeneral) linear section of Grass(2,6) C P'; it is a Schubert cycle, the
lines of P° meeting two copies of P? spanning P°. Thus P? x P? is defined
by the Pfaffians of a 6 x 6 (nongeneral) skew matrix. In algebra, if N is a
generic 3 X 3 matrix, and we write N = A+ B with A symmetric and B skew,
then the 2 x 2 minors of N generate the same ideal as the 4 x 4 Pfaffians
of the skew matrix (_BA é). Multiplying a triangle such as the bottom right
triangle 456 by an indeterminate is a flat deformation.

An extrasymmetric matrix of this type appears fairly often with Tom
unprojections. To the best of my knowledge, it appeared first in Duncan
Dicks’ thesis [D] (see also [R1]). However, the general Tom unprojection
treated in Papadakis [P] is more general than this 6 X 6 extrasymmetric
format, so don’t waste too much time looking for the matrix if it does not
want to come out. (Compare the end of Example 7.1, which just fails to have
an extrasymmetric format.)
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Proposition 6.7 For general a,b,p, the variety X defined by the Pfaffians
of (6.5) is the midpoint of a link

P?e-- X -5,

where X --+ Y s the unprojection discussed above that contracts 11 to a
point of Y C P(15,2%), and X --» P? is a conic bundle defined by the linear
system |—Kx — II|, or equivalently, the ratio xq : xy : 3.

In other words, the Fano 3-fold Y and its link Y --» P? are in Takagi
[T], Case 4.4. 1 omit the proof. The main point to note is simply that the
Pfaffian equations

Pfs: xeyr = brixy + 29p
Pty : xs5y1 = axoxy + x1p

imply that y; vanishes only once on IT so y; ¢ H°(—2Kx — 2II). Thus the
ring R(X, —Kx —II) is the polynomial ring k[z1, zo, x3).

Example 6.8 (Takagi, No. 1.1) The other way of imposing the plane II
on X is to assume that the 5 x 5 matrix M has first two rows with all entries
in the ideal (x1,x9,x3,y1); the general solution with degrees (6.3) is

Y1 a1 az as
X X €
M _ 1 2 3 Wlth (a17a27a3) = (xl,xg,xg)A, (69)
e —Ts

Xyq

where A is a 3 x 3 matrix with linear entries. In other words, a1, as, a3 are
linear combinations of x1, x5, 3 with coefficients of degree 1. Clearly all the
Pfaffians of M belong to (x1, z2,x3,y1), so that Theorem 5.2 again implies
that there exists an unprojection variable y, with poles along II.

This is the setup for a Jerry unprojection. The equations involving y, are
treated in Papadakis [P]; in general they are much more complicated than
those for Tom, but they simplify considerably in the present case. The two
Pfaffians of (6.9) not involving y; are bilinear in x1, x5, x3 and x4, x5, T¢:

Ty Ty
Pfogas = (x1,22,23) | 25 | =0, and Pfizus = (21, 29,23)A [ 25 | =0.
Te Ze
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The equations (6.9) can be obtained from these two linear equations in
(x4, 25,26) by solving by Cramer’s rule, with unprojection variable y; as
constant of proportionality (that is, y124 = agz3 — aszxs, etc.). On the other
hand, I can view them also as two linear equations for 3 unknowns (1, 2, z3),
and solve them with ys as constant of proportionality. As usual, this can be
written as a 5 x 5 Pfaffian:

X3 —T2 | g4 Gq

/
a T
/ 1 4
T | x5 a
> 21 where |a) | = A s
xﬁ CL3 /
Y2
The equation for y;ys turns out to be
L4
Y1Yy2 = ($1,9€2,$3)AT Ts | s
L

where AT is the adjoint matrix of A.

In this case, the Pfaffian equations say that y; - (24, x5, x¢) are quadratics
in 1,9, 73, so that y; € H°(—2Kx — 2II). Thus the ring R(X, —Kx — II)
is the graded ring k[z1, x9, z3,91], and X is the midpoint of a link

Ze-X--Y
where Z = P(13,2) is the Veronese cone. Thus Y is Takagi’s Case 1.1.

Example 6.10 A more general Jerry unprojection (but still not the most
general, see Papadakis [P]) comes from the Pfaffian form:

r a; Qa9 as

by by b ,az,a3) = (Y1, Y2, Y3) A,
M = R ,  where (a1, 02, a3) = (11, 42, 93) (6.11)
Z3 —Z2 (51, 527b3) = (ylayQayZS)Ba
21

with A, B generic 3 x 3 matrixes. This defines a codimension 3 Gorenstein
variety containing the codimension 4 c.i. (z,y1,¥2,v3). The same bilinear
trick as in Example 6.8 puts the unprojection variable ¢ into a set of Pfaffian
equations

ys —y2 | b) df

!/ /
a 21 b 21
yi | by ay / /
T where | a5 | =A 2| and [0, | =B | 2
3 93 a’ z b z
t 3 3 3 3
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The “long equation” for zt turns out to be

21

xt = (y17y27 y3)N<A7 B) 22
<3

where N(A, B) is a biquadratic expression? in the entries of A, B, and is
a moderately horrible mess (although presumably a covariant of the two
bilinear forms).

These equations define a flat deformation of the cone over the Segre em-
bedding of P! x P! x P!. To see this, I write the equations of the latter in
terms of a little 2 x 2 cube labelled with the variables

n Z3

AN AN
e
at-

~
21

AN

Ys

Then the equations of P! x P! x P! are

Tz =Yy, tyi = z;z, for {i,7,k} = {1,2,3},
and xt=vy;z fori=1,23.

Projecting from ¢ gives 5 equations in the Pfaffian form

x y1 Y2 O

0 v w3
23 2|’

<1

which is a specialisation of (6.11).

4Papadakis has calculated this more accurately, obtaining:
wt =) (£1)yi Ciz o Diz oz summed over {i1, in, i3}, {j1.jz, js} = {1,2.3},

where C' = \® A and D = \® B. Compare (11.4.3).
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7 Applications to surfaces of general type

Example 7.1 In Reid [R], I calculated the canonical ring of the universal
cover Y of a Z/3 Godeaux surface. This is a regular surface with p, = 2,
K? = 3, so that, using the Hilbert series as explained in 3.2, you see that its
canonical ring R(Y, Ky) needs at least

2 generators 1, xo in degree 1,
3 generators 1, Y1, y2 in degree 2, and
2 generators 21, 2o in degree 3.

Then
(1—1)*(1 -1 —t3)?P(t) =1 — 3t* — 3t° — 3t°
+ 25 617 4+ ¢85

(by Gorenstein symmetry, t'5~* appears together with t¥). The curious

sidestep —3t° 4 2¢% in this expression is explained as follows: in constructing
a plausible model, we expect (or can prove, see [R]) that |2Ky| is free, and so
R(Y, Ky) is a finite module over the polynomial ring A = k[z1, z2, Yo, Y1, ¥2),
generated by 1, 21, zo. Therefore there must be at least 3 equations in degree
6, expressing 2%, 2129, 75 in terms of this basis.

The same ring can be obtained much more simply as a Tom unprojection.
Rather amazingly, it is then a deformation of the graded ring over the Segre
embedding of P2 x P2. For this, I start from the equations of P? x P? in a
slightly idiosyncratic form

To Yo 2o Tizi = Y;iYk
rank | 21 21 yo | <1, thatis, w2 =2, for {i,5,k} ={1,2,3}.
Y 20 22 ZjZk = XY

The first step is to make these equations weighted homogeneous with wt x;,
Yi, 2z = 1,2,3. For this, introduce a new variable S with wtS = 3, and
modify the equations to
Tizi = YjYk,
yizi = Sxjxy, (7.2)
2i2E = STy,
Now project away from zp; in other words, separate the 9 equations (7.2) into
4 equations linear in zg, of the form

Tozo = something, yoz0=---, 2021=:"", Z20%2=‘"",
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and 5 equations not involving zy. It is easy to mount the latter as the Pfaffians
of the 5 x 5 skew matrix:

T1 T2 Y1 —Y2

Yo 2z 0
0 21
SSL’O

I now vary the entries in the bottom right 4 x 4 block to make them into
general linear combinations of g, 4o, 21, 2o:

1 T2 YN —Y2
My = Yo =2 "1%o . with wtr; = 2. (7.3)
2T 21
Sy — royo

This is the data for a Tom unprojection, as in Example 6.4. The Pfaffians
of My are clearly contained in the ideal generated by the regular sequence
X0, Yo, 71, 22, SO they define a codimension 3 Gorenstein variety X in the
ambient affine space with coordinates x;, y;, 2;, S, r; such that X contains the
codimension 4 c.i. D : (zg = yo = 21 = 22 = 0). This means that we can
unproject D in X by Theorem 5.2. As before, the explicit equations of the
unprojection can be read from Papadakis’ thesis:

Tozo = Y1Y2 + o122,

Yozo = ST1Ty — raT1Y2 — T1T2Y1, (7.4)
2021 = Sways + 7“07”1953 - 7”2y§a '
2072 = STy + 7’07”255% - 7”13/%

It is easy to see that the set of 9 equations (7.3-7.4) is symmetric under
permuting {0, 1,2}, so that they could be written in terms of the Pfaffians of
3 matrixes like M. You can also try to mount them as a 6 X 6 extrasymmetric
Pfaffian (compare Remark 6.6):

1 T2 —UY2 hn 20
Yo T1X9 Z9 SIl — "Y1
Z1 T2X0 Sl’g — T'2Y2

Sy — royo ToT12

ToT2Z1
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This matrix just fails to give the full set of equations: it only gives the
equation for xgzg multiplied by S, 71, 7rs.

Note that these equations define a flat deformation of the affine cone over
the Segre variety, because they specialise to it on setting S = 1 and r; = 0.
My surfaces Y from [R] are obtained by setting

$0+x1+$2220+21+22:0,

and r; = quadratic, S = cubic expressions in x;,y;, and the Z/3 action
by cyclic permutation of (0,1,2). There is a little cyclotomic change of
coordinates to go from the eigencoordinates of [R] to the cyclic permutation
coordinates here. The treatment of this example originated in the observation
that the equations written out in [R], pp. 86-87 as

Ry w21 + T120 = 1l —yg +e

Ry T2zy = Yol — Y +ee
R T12 = — 2 4.
2 1~1 YolY2 yl , (75>
So Yoz1 + Y122 = (122 — xF)S + -+ -
Sy Yozo = (@ow1 — 23)s + -
Sy iz = (wowg — x7)s + -

take the much nicer form (7.2) if you replace them by their cyclotomic com-
binations Ry + Ry + €2Rs and Sy + €57 + €29, (taken over the 3 roots of
g3 = 1), and change coordinates to xy + ex; + 22, etc.

Example 7.6 Takagi’s list of Fano 3-folds includes

2 codim 4 families 2.2 and 3.3 X C P(1*,2*) of degree 2+ 4 x 1 =4,
3 codim 5 families 2.3, 3.4, 5.1 X C P(1*,25) of degree 2+ 5 x 1 =9/2,
1 codim 6 family 2.4 X C P(1*,2°) of degree 2+ 6 x 5 = 5.

There are almost certainly rather simple unprojection constructions for each
of these varieties. They also have sections S € |-2Kx| that are canonical
surfaces with p, = 4 and K2 = 8,9, 10.

Problem 7.7 Canonical surfaces with invariants in this range have been
studied by Ciliberto [Ci] and Catanese [Cal-[Ca2] from the point of view
of generic or “Italian” projection discussed in 1.2, (ii). These examples are
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interesting test cases to compare the methods and results of Italian versus
Gorenstein projection. Thus the treatment of Example 7.1 by Gorenstein
projection can be compared to the original treatment of [R], which is a kind
of Italian projection: it treats the canonical ring R(X, Kx) as a module over
the subring k[x1, 2, Yo, Y1, Yo] generated by 1 and the z;, with the equations
(7.5) as defining relations. As another example, it seems clear that Ciliberto’s
surfaces with p, = 4, K? = 8 must either form two families, sections of
Takagi’s Cases 2.2 and 3.3, or only one family which is a section of both. I
would very much like to know which of these holds. Compare the del Pezzo
surface of degree 6, which is a linear section of both P* x P! x P! and P? x P2
This bifurcation of cases in going from surfaces to 3-folds seems to be at the
heart of the codimension 4 Gorenstein problem. Compare Problem 8.5.

8 Tom and Jerry: who are they?

Many examples of codimension 4 Gorenstein rings with a 9 x 16 resolution
seem to relate to P2 x P? or P! x P! x P!, although it seems hard at present to
say anything precise and general along these lines. Tom unprojections often
relate to P? x P2 and Jerry unprojections to P! x P! x P!, but the short names
have the advantage that they do not imply any immodest claim concerning
our current understanding of Gorenstein codimension 4.

Problem 8.1 Give an intrinsic treatment of Tom and Jerry.

Write C Grass(2,5) € A>C5 for the affine cone over Grass(2, 5), that is,
the generic 5 x 5 Pfaffian variety. It is an almost homogeneous space under
GL(5,C), and in particular has an action of the centre (C*)°, which gives
many choices of gradings.

A Pfaffian subvariety X C A in a regular local scheme A = Spec O is the
inverse image X = ¢ !(C Grass(2,5)) of C Grass(2,5) under a morphism
p: A— /\2 C®. To set up unprojection data, we want X to contain a given
codimension 4 ci. D : (1 = --- = x4 = 0) C A. There is presumably no
loss of generality in taking the regular sequence x1,...,z4 € O as part of a
regular system of parameters of O.

Tom and Jerry each achieve X D D by requiring that ¢ take D to a
Schubert cell:

Tom The condition on ¢ is that ¢(D) consists of 2-dimensional subspaces
containing e; = (1,0,0,0,0); or ¢(D) C e; A C°. Algebraically, the
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skew matrix defining X has bottom right 4 x 4 block contained in the
ideal of D:
(,0*<Clij) € (.Z'l,...,.%'4) for Z,j > 2.

Jerry In this case, ¢(D) must consist of 2-dimensional subspaces contained
in C* = (e3,eq,e5) C C5 or (D) C Grass(2,C3). That is, two rows
and columns of the matrix are contained in the ideal of D:

©*(ai;) € (z1,...,24) fori<2orj<2.

The point of the problem, however, is to give also a description in intrinsic
terms of the unprojected variety and its equations. Compare Papadakis [P].

Problem 8.2 Do Tom and Jerry account for every set of unprojection data
D C X C A where D is a codimension 4 c.i. and X is a 5 x 5 Pfaffian?

The cone C Grass(2,5) over the whole Grassmann variety does not have
any divisors to unproject, so we are going to cut it down a bit by equations
forming a regular sequence, but probably not very general, until we get an
X with some interesting class group. But it is then a very strong restriction
to ask an effective divisor D in X to be a codimension 4 c.i. in the ambient
space.

Problem 8.3 Can all the currently known Gorenstein codimension 4 rings
with 9 x 16 resolution be accommodated within Tom and Jerry unprojection
structures?

Altinok’s treatment of codimension 4 K3 surfaces includes 23 candidates
that cannot be obtained as Type I unprojections from codimension 3 (see
Example 9.13). In Example 9.14, T discuss a Fano 3-fold, also derived from
Altiok’s work, that has a Type II projection, but no Type I projection.
However, it is quite conceivable that these cases could be part of a bigger
variety that does project nicely, by analogy with Example 7.6.

The case that I really do not know how to do at present is Duncan Dicks’
“rolling factors format” of Example 10.8 (see also Dicks [D] and Reid [R2],
Section 5). If this can’t be done, it possibly casts doubt on the whole senti-
ment of Problem 8.3.

One unresolved issue is whether Jerry (say) is a structure in its own
right, or a link or relation between two structures. Example 10.8 is a kind
of structure (“fat P! x P! x P'”) that at present I don’t know how to relate
to 5 x 5 Pfaffians by a Jerry unprojection.
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Remark 8.4 Kustin and Miller remark that the generic (2k + 1) x (2k + 1)
Pfaffian is an unprojection (see [KM], p. 311): you can separate the variables
into my2 and the remaining m;;, and view the two Pfaffians not involving
myo as defining a codimension 2 c.i., and those involving m;, linearly as
unprojection equations. (See Example 4.1 for a 5 x 5 case.)

I want to stress that this only works as stated for a sufficiently general
matrix. In fact, the generic (2k+1) x (2k + 1) Pfaffian variety is the (k—1)st
secant variety of Grass(2, 2k+1), because a skew form of rank < 2k—2 can be
written as a sum Y e; A f; of k—1 forms of rank 2. The projection eliminates
the variable ms; for it to work, mis must be algebraically independent of
the other m;;. Geometrically, the point P, = (1,0,...,0) must be in the
variety in order to act as a centre of a projection. In other words, a (possibly
nongeneric) (2k +1) x (2k + 1) Pfaffian variety X can only have a projection
of Type I if it has a point of the smallest possible rank 2, that is, a point of
Grass(2,2k + 1).

More generally, to see a variety as an unprojection, you must first find a
suitable centre of projection, and you may well have to put your variety in a
bigger one first before this is possible. This happened in both Example 7.1
and Example 7.6. Thus in Example 7.6, if you only consider the surface S,
you cannot see the % singularities of the 3-fold X, and thus its unprojection
structure. For example, in the codimension 4 cases, the 4 new generators
y; in degree 2 can be thought of as a dual basis to the 4 x % singularities.
If we take Z?Zl y; = 0, we have lost all the possible centres of Gorenstein
projection.

A reasonable conclusion is that the dimension of a variety is not a very
significant invariant in these constructions, and it is a mistake to concen-
trate only on curves or surfaces or 3-folds. Instead, one should work with
notions such as codimension, coindex, genus, multiplied out Hilbert poly-
nomial, homological properties, etc., that are invariant or transform in a
simple way on taking a hyperplane section, and work for preference with a
“key variety” that is as fat as possible.

Problem 8.5 How do Tom and Jerry intersect? As with their celluloid
namesakes, scenes in which Tom and Jerry appear together are on the whole
more interesting than their solo performances. As mentioned at the end of
Problem 7.7, this includes the famous deformation theory of the del Pezzo
surface of degree 6.
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8.6 Why Pfaffians?

As T tell my students, mounting a set of half-understood equations in the
form of Pfaffians is much more fun than doing crosswords, and moreover, has
some intellectual content. Apart from personal addiction, there are several
other reasons why Pfaffians turn up throughout this kind of calculation:

1. They are an effective and simple way of handling syzygies. If you
have written down two or three equations, and suspect that you have
probably missed one or two more, you have to do things like x1 fo — 2 f1
to cancel some leading term and make the combination a pure multiple
of x3. At the end of it, you have f3 and f; with some simple linear
identities. Most frequently, the equations themselves can be written as
2 x 2 minors or 4 x 4 Pfaffians in a way that gives the 3-term or 4-term
syzygies in an automatic way.

As we see in Section 11, there are serial unprojection rings of arbi-
trary codimension determined by a representative set of equations and
syzygies given as 5 x 5 Pfaffians.

2. Most current questions on Gorenstein rings are concerned with small
codimension, meaning 3,4,5,6, and in particular with unprojecting
from codimension 2 or 3 to codimension 4 or 5 or 6. The prominence
of Pfaffians in this study is not surprising in view of the Buchsbaum-—
Eisenbud theorem. Pfaffians bigger than 5 x5 tend not to appear in this
study because they give varieties of high coindex. The (2k+1)x (2k+1)
unweighted case already has coindex 2k — 2; for example, the simplest
Gorenstein graded ring over a surface with 7 x 7 Pfaffian structure is
the canonical surface Sy4 C P°.

3. The 4 x4 Pfaffians are the Pliicker equations defining Grass(2,n). There
is a natural progression 2 x 2 minors — Pfaffians — the quadratic
equations defining the codimension 5 spinor variety Spin(5,10) C P
(or orthogonal Grassmann variety, see Mukai [Mu]). Just as a 4 x 4

mi13 miq

Pfaffian is a trinomial that you can think of as miomsy — | mi3 mit |, each
spinor equation is a 4-nomial that you can think of as

T1%9 — 4 x 4 Pfaffian.

Problem 8.7 As a Pfaffian addict, I can’t wait to start on the codimension 5
rings, where the spinor equations play a similarly prominent role. According
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to Mukai [Mu], the spinor coordinates &; on the spinor space (= even Clifford
algebra) C' = A”(C%) @ A*(C°) @ \*(C®) are indexed by even subsets of
{1,2,3,4,5}. The equations defining the spinor variety Spin(5,10) C P' are
the 10 spinor equations N.;, typically

Nl = 5(1552345 - 523545 + 624535 - 525534
N—l = 51251345 - 51351245 + 51461235 - 51551234-

Spin(5,10) C P has coindex 3 and the multiplied out Hilbert polynomial
1 —10t? 4+ 16t2 — 16t> + 10t° — ¢® (the same as for a canonical curve of genus
7, or a nonsingular Fano 3-fold of genus 7). In the unweighted case, as for a
nonsingular Fano 3-fold, a point projection has the wrong discrepancy (see
[PR], 2.7); a Fano style projection from a line should go to a 5 x 5 Pfaffian
containing a cubic scroll, providing the first case of a Type III unprojection
from codimension 3 to codimension 5.

That was the unweighted form. We can find many weighted homogeneous
forms, because the affine cone C' Spin(5, 10) C C'® has an action of GL(5) and
of its centre (C*)°. It would be interesting to find weighted K3s and Fanos
as sections of the weighted spinor varieties. This is the simplest structure for
codimension 5 Gorenstein rings, analogous to the codimension 4 structure
5 x 5 Pfaffian intersect a hypersurface (think of the del Pezzo surface of
degree 5). The next problem is then to find some nice examples of links by
projection from these varieties to lower codimension.

9 Harder unprojections

We can relax the assumption in Theorem 5.2: there is no special need for
the divisor D to be Gorenstein in order to unproject it. The best way to
think of this is from the top: Fano and the generations following him project
nonsingular Fano 3-folds from a line, a conic, or project doubly from a point
(compare the discussion in 1.2). From [CPR] and Takagi [T] onwards, we
can do more exotic projections from points or curves on Fanos in the Mori
category. The exceptional divisor is usually not projectively Gorenstein.
I discuss here two families of examples:

Type II In this case D is not projectively Cohen-Macaulay, because it is
not projectively normal, but the normalisation O = Op ® Op - t
needs only one module generator, and moreover, Op is Gorenstein.
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This arises in connection with the elliptic involution of [CPR], 4.10-
4.12 and 7.3, and with several interesting codimension 4 K3s and Fano
3-folds from Altinok’s lists [A]. See Examples 9.5-9.14. It is really a
generic phenomenon for slightly nonnormal embeddings P(ay, as,b) <
P(ay,as,as, ..., a,) between w.p.s.s.

Type III In this case, D is projectively Cohen—Macaulay, but wp(ng) is
generated by two sections that define a fibre space structure ¢: D — P!
That is, D is homologically like a cubic scroll, so Cohen-Macaulay but
not Gorenstein. The typical case is Fano’s projection of a Fano 3-fold
from a line, with the cubic scroll as exceptional divisor. Corti suggested
treating the inverse rational map as a new type of unprojection, and
calculated the first cases himself. See Example 9.16, where I conclude
the story begun in Example 4.6 based on Takagi, Case 2.1.

Remark 9.1 By assigning roman numerals, [ am certainly not suggesting
a case division or classification. Rather, these are certain pathologies that
turn up frequently, and that we can begin to handle alongside the Kustin
and Miller Type I cases. Based on experience of projecting Fano 3-folds
from different centres (and seeking the unprojection giving the left-hand side
of the corresponding link), I believe that D can be really very bad from the
point of view of commutative and homological algebra. There are certainly
cases when D is a badly nonnormal scroll, or when Op is Gorenstein but
needs many generators as an Op module.

Problem 9.2 Find the best theorem of the following shape. I state the
problem in the local setup. Compare [PR], 2.4 for the translation from local
to projective.

X is a local Gorenstein scheme and D C X a subscheme of pure
codimension 1. The adjunction formula for wp gives the usual
exact sequence

0—wy — Hom(Zp,wx) — wp — 0.

Identifying wx = Ox interprets elements of the Hom as rational
functions on X with poles along D. Pick a set of generators
s;i € Hom(Ip,wx), say with s = id: Ip C Ox = wx. As in
[PR], Lemma 1.1, assume without loss of generality that the s;
are injective and have divisor of poles exactly D.
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Define the unprojection (ring) of D in X by
Oy = Ox]s1,...,Sy)/(relations) and Y = SpecOy. (9.3)

Then under suitable (fairly mild) conditions, Y is a Gorenstein
scheme.

It is part of the problem to say what the ideal of relations in (9.3) should be.
When it turns out that Y is birational to X, we could just take the relations
between the s; holding in the total ring of fractions k(X), but in general Y
may have new components.

Maybe we should find the relations by studying a few examples; it would
be really cool if all the relations were determined by linear ones. Conjec-
ture 9.12 suggests that in some easy cases, we should look for linear relations
in the s; and certain fairly simple and predictable quadratic relations yoked
to them by Pfaffians.

In the projective setup, in view of the applications, I want to assume that
D is a codimension 1 subscheme of a projectively Gorenstein scheme X, and
that there is a threshold value kp € Z with kx > kp for which wp(—kp) is
still generated by its H°, but the resulting linear system is not big, so that
the morphism ¢, (—x,) contracts D to a smaller dimensional variety.

As before, this means that the elements s; € Hom(Zp,wx(—kp)) whose
residues generate wp(—kp) become homogeneous forms with poles along D,
and have positive degree kx — kp under the identification wx = Ox(kx).

Remark 9.4 As in Remark 5.3, the assumption kx > kp is a negativity
condition on D C X. Note the fortunate circumstance that the s; correspond
to generators of wp(—kp) = wp(—kp), which is good even if D is not normal.
A condition expressed in terms of Op would be much worse in this respect.
This is another advantage of the approach via Grothendieck—Serre duality.

In the modern view, we usually expect this kind of canonical threshold
to be a rational number. But kp € Q does not seem to make sense here. (Or
could it somehow?)
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9.5 Key variety for Type II unprojections

I give a generic form for Type II unprojections, as a preparation for the
following examples. Consider the morphism

m D=Crtl — DcCntl
(xla'-wajmt) = (xiayi:xit7z:t2)

that folds the t axis in half, identifying +¢. The image D is a nonnormal toric
variety, with coordinate ring the subring k[D] C k[zy,...,z,,t] obtained by
outlawing odd pure powers of t. Its equations are

rank N <1, where N:<y1 U e a:nz); (9.6)
xl ... l’n yl DY yn

that is, the n? equations

Wi — x5y, ford < g, .
{:cyj iy orr=J where ¢,57=1,...,n. (9.7)

viy; — xiwjz for i < g,

The moral purpose of the equations (9.6) is of course to ensure that t =
yi/x; = ;2 /y; is a well defined rational function on D with t? = 2.

I want to treat D as a key variety for a whole series of nonnormal varieties.
For n > 2 it is not Cohen-Macaulay, because its normalisation happens in
codimension > 2. Although Op is not Cohen—Macaulay as a ring or as a
Oc2nt1-module, its normalisation m,0p is Gorenstein as a ring, and hence
as an Ogzni-module. Moreover, wp = mwp = 7.0p, since the dualising
sheaf is saturated in codimension 2. From now on, I suppress .. Thus wp
is generated by the single element

So=dxy A--- Adx, Adi

over the bigger ring Op but needs two generators 5, and 5; = t5; over
Op or over Ocant1. The Gorenstein Ocents module O = wp has a nice
presentation:

0= O — 000t <& 20 £ 2(1)0 -
where N is the 2 x 2n matrix of (9.6), viewed as relations (51,50) N = 0, and
P is made up of pairs of 4-term syzygies

_yj —.l’jZ
Yi Tz

—Lj Yj
Z; Yi
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Let X C C?"*! be the general codimension n—1 c.i. containing D, defined
by n general linear combinations of the equations (9.7). Then (for n = 2,3,
and I conjecture for all n), D unprojects in X by adjoining two elements
S0, 81 € Hom(Zp,wx ) with residue 359,351 € wp.

There should be two proofs, exercises in generalising the respective con-
structions of [KM] and [PR]. For the former, we have 3 complexes

0 « Ox « O g (n—1)0 «

l | l

0 «— Op <« (@) Js n?0 —
N N |

0 — O — 000t & 220 —

resolving Oy, Op and Op; of these, the top is the Koszul complex of the c.i.
X :(fi=---= f.=0), and the bottom is the resolution of O, which has
length n 4 1 and Gorenstein symmetry because O is a Gorenstein module.
The middle complex is much messier, but we only need it as far as length
n + 1, where it computes wp = wp.

The unprojection variables sy and s; come from putting together the
homomorphisms at the end of these complexes much as in [KM]: the linear
relations involving s, s are

tN (30) =col(Ay,..., Ay, By,...,B),

S1
where ‘N : (090O-t)Y — (2n0)Y and the column vector is the nth composite
downarrow O — 2nO. There is also a single quadratic relation s3z—s? = - - -

which is of course the tricky point referred to in Problem 9.2.
In what follows, I restrict to the cases n = 2, 3.

?

Example 9.8 The case n = 2 was worked out together with Corti in the
context of constructing elliptic involutions of Fano hypersurfaces, and is writ-
ten up in [CPR], 4.10-4.12 and 7.3. Then D C C® has codimension 2, and the
hypersurface X C C® containing D has equation a general linear combination

A(z1ys — mayn) + B(yi — 272) + 2C(y1y2 — 21322) + D(y5 — x32)
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of the defining equations (9.7). To unproject D in X, write the adjunction
formula for wp as usual

0— wWx — Hom(ID,wX) — Wp — 0.

Then we need two new generators sg,s; € Hom(Zp,wx) to hit the two
generators 3g, 51 of wp. The linear relations between these are given by

Y1 T 2.C + 29D

S0
Ya T2 1B — 2:C

S =0. 9.9
T1Z2 U1 T1A— 3/10 — 42D 11 ( )

T2z Yo WA — B+ yC

It so happens in this case that Y has codimension 3, and is the 5 x 5 Pfaffian

Ty T2 hn Y2
so —D —s51+C|
wiC B = 0. (9.10)
Soz + A

See [CPR], 7.3 for further discussion and applications. As explained in 9.5,
the matrix in (9.9) can be interpreted as a map between complexes in Kustin
and Miller style (although we did not know this at the time).

Example 9.11 When n = 3, the variety X C C” is a codimension 2 c.i.
f = g = 0 containing the nonnormal variety D.

—g
0<—C)X<—Oei’g—2(9<ﬁ(9 — 0

l I l l

00— Op «— O T 90— 200 ——
N N | |

0— 05 — 20 <L 60 £ 60 <L 20 —o0

Here 20 stands for O @ O -t and its dual, N is the matrix of proportionality
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relations (9.6) for ¢, and

3z —x2z 0 ys  —Yo

r1iz —ys O n

P = vy —y1 0
T3 —T2

x

its first syzygy matrix.

Conjecture 9.12 Sorry, there is no time to finish writing up this proof
properly. T have checked it in Magma [Ma]. The problem is to understand
better the quadratic relations between sg, s.
In the case n = 2 of Example 9.8, the 5th Pfaffian in (9.10) is quadratic
in Sg, S1:
Pf23.45 = SSZ — S% + AS(] + C2 + BD.

This is not linear, and so not properly accounted for by the construction in
terms of maps between complexes. However, the Pfaffian syzygies in (9.10)
express each of x1,xo, Y1, y2 times Pfos 45 as a combination of the linear rela-
tions (9.9).

The same must hold for all n: there is a single quadratic relation () that
expresses s%z — 57 as an element of Ox +Ox s+ Oxsy, and Pfaffians syzygies
express () times x1,...,Z,, y1,...,Y, as elements of the ideal generated by
the linear equations.

Example 9.13 (Altinok) Several of the harder cases in Altinok [A] can be
settled using these ideas. Consider a K3 surface X with

1 4
D= —247Tx=+-.
* 2 + 5
This relates closely to the example of a Fano 3-fold of genus —1 and singu-
larities 7 x 3 plus 2(1,1,4). Simple-minded use of the Hilbert series as in
Altinok [A1] gives P(2,2,3,4,5,5) with coordinates y1,ys, 2,t, u1, ug as the
first guess for the generators, and the multiplied up Hilbert function

1 =21 =) (1 - (A~ °)*P(t) =
1—t7—2t8—t9—t10+t11+"'—t21
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suggests that, like so many of its colleagues before it, X is a Pfaffian with

matrix having weights
2 3
4

QU > W
D O O

However, this is nonsense: the graded ring of X necessarily has a generator in
some degree = 1 mod 5 to act as a local coordinate at its singularity %(1, 4).
Alternatively, in the alleged Pfaffian model, we can assume that the two
entries mos and mgy are the degree 5 generators, say mos = u; and mgy = ua,
so that any Pfaffian must meet the (uq, us) line at the two coordinate points.
At P,,, the only equations involving u; are the 3 Pfaffians containing the
terms ui;mqsz, uymyy and uymsgy; but mys and mqyy both have degree 3, and
are thus proportional, because there is only one generator in degree 3. Thus
in these degrees, a Pfaffian cannot be quasismooth, and in fact must have at
least an elliptic singularity at P, .

In this case, the thing that really happens is a codimension 4 embed-
ding X — P(2,2,3,4,5,5,6) with coordinates y1,ys, 2, t, u1, ug, v. It passes
through the point P,, and has a singularity of type %(4, 1) there, with t,v
as local coordinates. Notice how the nonnormality arises (compare [CPR],
3.4 for local eigencoordinates and their multiplicities on the blown up lo-
cus): the local eigencoordinate ¢t at P,, has weight 4 for the grading of the
ring, and has Z/5 weight 4, so vanishes along the blown up curve E with
multiplicity %, which is just right. But the other local eigencoordinate v has
graded weight 6 but Z/5 weight 1, and so vanishes along the blown up curve
with multiplicity only %, and so is not in the subring Ry C R of the blowup
(compare the discussion in 1.2, (v), and [CPR|, Example 4.11). Thus pro-
jecting from P,, eliminates v together with w;. The image of the projection
is the codimension 2 c.i. Y510 C P(2,2,3,4,5) containing the weighted line
P(1,4) in a nonnormal embedding.

Consider the general embedding

P(1,4) — P(2,2,3,4,5) given by

(r,t) — (y1=2%9ys=0,2 =2 t,u=unt),

or equivalently, the general homogeneous homomorphism from the poly-
nomial ring k[y1, ya, 2, t, u] to k[z,t]. This maps onto every monomial except
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z, and so models the P(1,4) extracted from the 1(1,4) singularity of X. On
the other hand, the equations of the image E are

2

z u y; wnt
p— < .
Yy =0 and rank <y1 ¢ s u ) <1

This is in a family with the equations (9.6). If Y510 C P(2,2,3,4,5) is a
K3 c.i. containing F, it can be unprojected by adapting the method of 9.5.
An alternative strategy is first to construct the Fano 3-fold (see below), then
take its section by the single element of degree 1.

The related Fano 3-fold can be projected in a similar way to a Fano
3-fold We 10 C P(1,2,2,3,4,5) containing the nonnormal P(1,1,4), given by
the equations

2
rank (y2 2 U T ylt) < 1.
T oyt Y2 oz oow

This unprojects as in Example 9.11 to a Fano V' C P(1,2,2,3,4,5,5,6).

Example 9.14 (Altinok) Anthony Fletcher discovered the codimension 2
ci. Xig14 CIP(2,3,4,5,6,7) with H°(—Kx) = 0 at the end of his 1988 Ph.D.
thesis [F10], as the result of a systematic search. At the end of her thesis 10
years later [A], Selma Altinok discovered 3 more plausible candidates for
Fano 3-folds having H°(—Kx) = 0, with codimension at least 4. All three
of these are very interesting; we are fairly certain that they exist, and we
intend to write them up when time allows. Here I discuss the second of her
H°(—Kx) = 0 cases. It has singularities 7 x 3, £(1,1,2), £(1,3,5) and genus
g = —2. That is, H'(—Kx) = 0, and

a(r —a) 1 2 3.5 1
—Kx)?=2g—2 —— = —6+TX s+ +—==—.
(—Kx) g + Z . + 7 X 5 + 3 + 21

The Hilbert function calculation (see [A1]) suggests the 8 plausible generators
in degrees 2,3,4,5,6,7,8,9, and, assuming these, the multiplied out Hilbert
polynomial is

1 o 2t12 o t13 o 2t14 - 2t15 . t16 + 2t19 + 2t20 4 3t21 T t43

Note however, that although we have specified a singularity of type %( 1,3,5),
the ring has no global element of degree 1 to act as a local eigencoordinate
(see [CPR], 3.4). This suggests that we look for a Type II unprojection.
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If we write u, v, w for coordinates of P(1,3,5) and z,v,y, w, z,t for coor-
dinates of P(2,3,4,5,6,7), the general map P(1,3,5) — P(2,3,4,5,6,7) is
the embedding given by

r=vu? v=v, y=uwv, w=w, z=uw, t=u'.
That is, we omit u,u3, u® from the polynomial ring k[u,v,w], so that this
is a pullback from the D of Example 9.11. Thus, provided that the general
Y1214 containing the image II = P(1,3,5) is reasonably nonsingular, the
construction of Example 9.11 applies to this to construct X.

Problem 9.15 The nonsingularity calculation is always the nasty part of
these constructions. The equations of the image II = P(1,3,5) are

4

rank(y z t3 VT WT x)ﬁl,
vow x0 Yy 2z ot

that is,

vie, yw=vz, yzr=ovwzr, yr>=uvt, yt=vr’
=w?z, zxd=wt, z2t=wz ?=2a"

These are equations of degree 8,9, 10, 10,11,12,12,13,14. A general c.i. Yi3 14
containing IT = P(1, 3, 5) is given by choosing two general linear combinations
of these, and it seems likely that Y74 14 has only fairly mild singularities on II.
You should get most of this from Bertini’s theorem. You can also try it by
computer algebra: plug in random coefficients, write out the equations and
its ideal of 2 x 2 minors, and try to prove that the singularity locus defined
by this is contained in Il and consists of fairly mild singularities.

Example 9.16 (Takagi) This is an example of unprojection of Type III.
As we saw in Example 4.6, a codimension 2 c.i. X34 C P°(1%,2%) containing
the plane IT : (1 = y; = y2 = 0) has defining equations f = g = 0, where

a C

(fog)=(z1 y1 wy2) (b1 di ]| =0,
by dy

with dega = 3,degb; = degc = 2 and degd; = 1. The hyperplane (x; = 0)
intersects X in the plane Il together with a residual component F' defined by

F {xl =0 and rank (_y?f 2; Z;) < 1}. (9.17)
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I show how to unproject F' by introducing two homogeneous forms sy, s,
of degree 1 on X with poles along F', related by linear equations only. I
calculate s1,s2 and the relations between them by copying the method of
Kustin and Miller [KM]. This generalisation of [KM] is based on a suggestion
of Alessio Corti, who calculated nonsingular Fano 3-folds of genus g = 6,7
by unprojecting a cubic scroll in a Fano of genus g — 2.

The resolution of Op in the hyperplane (z; = 0) is given by the 2 x 3
matrix in (9.17) and its minors. Set h = bydy — bad; for the 3rd equation.
One sees that in the whole space, the resolution of O is

0—Op —0L0(-1)®20(=3) d O(—4) &
U

20(—4) ® 30(=5) «— 20(—6) < 0,

where v = (x1,h,g,—f), and M, U are

h g —f ady, — bic ady — bac _bi;/z %)/;
—{L’l 0 0 —y2 yl d d
0 —I 0 bl b2 ) xl 02
0 0 —x d; ds O1 .

Now to calculate £zt'(Op,wx), I write out the homomorphism from the
resolution of Oy to that of Op:

Ox — 0 &=L 0(-3)30(-4) L;)

l | l l

O(-1)@20(=3) m  20(-4) v

Or = 0 — DO(—4) T @30(-5)

where the two downarrows are

0 0 _Oa

0 0

10 and —c

0 1 yl
Y2
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Thus I introduce two unprojection variables s;, s corresponding to the sum-
mands of 20(—6), and write out the linear equations as

—Y2 W 0
b1 bg —a
d1 dg (81> = —C
rp 0 *2 Y1
0 = Yo

Remark 9.18 This type of unprojection adds two new generators sy, so, SO
could be used to go from codimension 2 to codimension 4 (with resolution
7 x 12 or smaller). However, it so happens in this case that two of the
equations eliminate y; = s;z; and y» = syx1. Thus the unprojection takes

CL—|—b181 +b282 =0

X Z2’3 : <C+ d181 + d282 =0

) CP5<$1,...7$4,81752). (919)

As in 2.3, the image is not the general Z 3 because si, s only appear in
the equations (9.19) either explicitly, or via the substitution y; — zjx;. If
for example by = y; + -+ and by = —ys + - -+ then X meets the (y;,ys2) line
in two 1 singularities at y; = +y», and the first equation of (9.19) is

x1(81 — $2)(81 + 82) = —a. (9.20)

Thus Z, 3 contains the (s1, s2) line L, and in general has two ordinary double
points at s; = %ss.

The inverse map Zs 3 --+ X is a good example of how the classical idea of
linear projection has to be modified to deal with singularities (compare 1.2,
(v)). The linear projection from the (si,sy) line L is the map defined by
x1, ..., x4 in addition to blowing up L, this blows up the two ordinary double
points, so is not a primitive extraction in the Mori category. Instead, we
make the graded ring by imposing the nth symbolic power of the ideal Z;,
on |—nkKy|; this means that we eliminate s, sy, but add y; = x;s; and
Y2 = 152, which vanish twice at the general point of L by (9.20).

10 Gorenstein in codimension 4 — the elusive
structure theory

Unprojection has played the role of a substitute for a structure theory for
Gorenstein rings in codimension 4 (or 5, etc.) throughout the above. We
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have seen in many examples that it can frequently be used as a reasonably
effective way of working with graded rings in low codimension, despite the
absence of a general structure theory.

Here I want instead to discuss what we actually know about the struc-
ture theory. Most of what I say is almost obvious, but I have not seen it
written down in this form. Suppose for simplicity that the ambient space
A = Spec Oy, is a regular local scheme with % € O, that is complete (or
Spec of a polynomial ring localised at the origin, with everything graded in
positive degrees). Let X C A be a Gorenstein subscheme of codimension
c=2,3,4,5,0, etc., and write

0 «— Ly « Ly — Ly <+
I I | (10.1)
Ox «— Oy A (k+1)O4 S mQy «—
for a free resolution. That is, (f1,..., fe+1) is a minimal set of defining

equations, and (fi,..., frr1)M = 0 the complete set of m first syzygies. For
example, if codim X = 4 then m = 2k, and we have a (k+ 1) x 2k resolution
for some k= 3,5,6,7,...

The point to notice is that, somewhat paradoxically, the matrix M of first
syzygies always has more structure and contains more information than the
equations f; themselves. In what follows, please bear in mind the case ¢ = 3:
then the Buchsbaum—FEisenbud theorem says that k is even, say k = 2n, M
is a skew (2n+1) x (2n + 1) matrix, and its 2n X 2n minors are the products
Pt; Pf; of the diagonal 2n x 2n Pfaffians f; = Pf;, and thus they generate the
square of the ideal I'x. A rough qualitative deduction from this is that when
the rank of M drops, it drops by ¢ — 1 all at one go, and its submaximal
minors vanish ¢ — 1 times on this locus. This holds generally.

Theorem 10.2 (i) rank Mp = k at every (scheme theoretic) point P €
A\ X.

Assume in addition that X is locally c.i. at every generic point of X
(this certainly holds if X is reduced). Then

(i) Mp has rank < k+1— c at every point P € X (where ¢ = codim X ),
with equality where X is l.c.1.
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(iii) The ideal sheaf generated by the k X k minors of M restricted to the
Lc.i. locus equals Tx“™*, the (c — 1)st power of Ix. Thus every k x k
minor of M wvanishes ¢ — 1 times at every generic point of X, so that
the ideal they generate is contained in the symbolic power I,

Problem 10.3 (1) Is the ideal of k x k& minors equal to Ix“"* in commonly
occurring examples? This always holds in codimension 3. For Goren-
stein codimension 4, one checks that the ideal of submaximal minors
of M is the cube of Ix in several of the more popular cases. It would
be fairly simple to try out a few more cases by computer algebra.

(2) Does the analog of the conclusion (iii) holds without the l.c.i. assump-
tion, for example, when X C A is a badly nonreduced cluster (that is,
O-dimensional scheme).

Proof Almost obvious. Localised at P ¢ X, the ideal sheaf Zy = O4, so
that each homomorphism in (10.1) splits locally as projection and inclusion
of direct summands.

Next, localised at any point P € X at which X is l.c.i., the ideal sheaf Zx
is generated locally by c¢ equations x1, ..., 2., with the remaining k£ +1 — ¢
equations expressed as local O -linear combinations of the x;. This means
that the matrix of syzygies has a square block of size kK + 1 — ¢ with unit
determinant:

unit block of
) 0 0
sizek+1—c
M~
Koszul matrix of
0 0

L1y, T

Now the set of (¢ — 1) x (¢ — 1) minors of a Koszul matrix of a sequence

x1,...,%. is identically equal to {0} union the set of monomials of degree
c—1in zy,...,x.. For example, if ¢ = 4, the Koszul matrix is
0 r3 —x9 —x4 0 0
—r3 0 Ty 0O -z, O '
r9 —x1 O 0 0 —x4|’
0 0 0 Ty To T3
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and obviously, every 3 x 3 minor of this is zero or a cubic monomial, and
every cubic monomial appears. [

10.4 Codimension 4
In this case, the whole resolution (10.1) is of the form

0 — Ly <& 1, & 1, — Ly — L, — 0

I I I
Ly &Mopy Sy
with M a (k+ 1) x 2k matrix. The Buchsbaum-Eisenbud symmetriser trick

gives the identifications Ly = Ly and Lz = LY, and gives a symmetric perfect
pairing Ly X Ly — Ly = O 4 making the identifications commute.

Lemma 10.5 Under the stated conditions, Lo together with its perfect pair-
ing is isomorphic to 2kQO 4 with the standard quadratic form (9%).

Proof I can find an isotropic vector in L, by successively lifting from the
residue field A/m to A/m", as in the proof of Hensel’s lemma. That is why I
assumed A is complete. If v € Ly is a solution mod m”, using the fact that the
pairing is nondegenerate, I can edit it to v+v' with v' € Ly®(m™/m™*!) which
is a solution® mod m"™*!. Then just copy the usual reduction of quadratic
forms in linear algebra. [

Thus the dual map Ly — Lo is given by (9£)*M, and the condition for
the composite Ly — Ly — Ly to be zero (to give a complex) is then simply
that

MYD)*M =o.

In other words, the rows of M are k + 1 vectors in Lo over O4 that
are isotropic with respect to the standard quadratic form. Recall that an
isotropic linear subspace of a nondegenerate quadratic form has dimension
< k, so that, any k+1 vectors spanning an isotropic subspace must be linearly
dependent. If I have a matrix M over an ambient space A representing a
family of k + 1 vectors that span an isotropic subspace, and if M has generic

5This “proof” needs expanding.
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rank k, the linear relation holding between the vectors is generically unique,
so that coker M is a rank 1 sheaf over A.

Theorem 10.6 (“Structure theorem”) Under the above assumptions:

(iv) For given k > 3, write

B 0 I\,
V—{M‘M(I o) M—O}CMat@(k+1,2k).

Thus V is the universal family of complexes Ly «— Lo «— L3 with the
Gorenstein symmetry described under 10.4.

If X C A is a codimension 4 Gorenstein subscheme in a regular local
ambient space A over C, with (k+ 1) x 2k resolution, then the middle
terms of the complex resolving Ox (plus choices of bases) defines a
morphism ¢: A — V with the properties that o(P) is a matriz of
rank k for P in codimension < 3, the complex pulled back to A is exact
at Lo, and (coker M)*™ is a locally free sheaf of rank 1.

(v) The converse of (iv) holds.

Proof There is almost nothing to prove. Given X C A, it has a resolution,
so a map to V with the stated properties. For the converse, everything is
contained in the assumptions, that is, the several conclusions stated in (iv):
given a map to V, I get a complex £, «— Ly <+ L3 with the Buchsbaum—
Eisenbud symmetry property, and the rest of the complex £y < £; comes
for free from the inclusion coker M < (coker M)**, using the statements
in (iv). This inclusion defines an ideal sheaf defining a subscheme X with
support in codimension > 4, and the complex is exact of length 4, hence X
is a Gorenstein subscheme of codimension 4. [

Remark 10.7 The theorem says that a Gorenstein subscheme X C A in
codimension 4 with (k+ 1) x 2k resolution is the degeneracy locus of a family
M of k+1 vectors spanning an isotropic subspace, with the family satisfying
suitable “generality” assumptions. In other words, all you have to do is
“something generic in linear algebra”. The theorem is thus a formal analog
of the Buchsbaum—Eisenbud theorem in codimension 3. The rank, exactness
and locally free assumptions can all be expressed in terms of the height (or
codimension) of ideals of minors of M.
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The theorem is unfortunately completely useless in practice, since it does
not prescribe any way of actually filling in the matrix M over an ambient
space A. For example, a initial result on Gorenstein codimension 4 is that
there are no ideals with 5 as their minimum number of generators. I do not
know how to derive even this elementary result from my so-called structure
theorem. Part of the difficulty is that we are talking not just about the
universal variety V', but about maps M from A to V.

Example 10.8 (Dicks’ format) Dicks [D] proposes a universal “rolling
factors” format for Gorenstein varieties with 9 x 16 resolution (see also Reid
[R2], Section 5). For this, consider some regular ambient space A in which

4 4
Z 0z = Z Biyi (10‘9>
i=1 i=1

holds “as an identity”. He writes down the system of 9 equations

2?21 a;y; = 0
Yo Y1 Y2 Y3 4 4
rank (Zo Y 23) and 3 iz =Y, Biyi=0
Z?:l Pizi =0

The last 3 equations are in rolling factors format, meaning that we go from
the first to the second and from the second to the third by substituting y; — z;
in one factor. Note that Dicks’ identity (10.9) is precisely the condition for
the 9 rows m; of the syzygy matrix

Yo —22 —Y3 z3 . . . . . . . . P g =P —ag
—th 2 - - Ys —z3 . . . - B o . e
N —<1 Y2 22 - . Bo g . . . . =P —a
Yo —~0 - . . - TYs z3 . . B o —fa—an
—Y 20 - . Y2 —2 oo . O3 —a3

Yo —20 —Y1 21 P2 g —f3 —az

z3 . Z9 . 21 . 20

23 —Ys 22 —Y2 21 —Y1 20 —Yo

Y . Y2 . —Yyr . —Yo
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to span an isotropic subspace of the standard quadratic form (97). In fact,
all the scalar products m; - m; cancel out by trivial skewsymmetry, except
that vy - vg, vy - Vs, v3 + Vg work out to be plus or minus Y a;z; — > Biyi.

To achieve the condition (10.9), one way is to take a 4 x 4 symmetric
matrix (a;;) and set a; = > a;;y; and 5; = > a;52;. This system of equations
includes the case of a hypersurface Xgaq2 C P' x P32 C P7 in the Segre
embedding: indeed, take coordinates t;,ty in P! and z, ..., x5 coordinates
in P2. The equation of X442 is given by a bihomogeneous form

h e Sd(tl,tg) & Sd+2($0, ce ,.%‘3).

I can write h (in many ways) as a quadratic form h = ) a;jx;z; in the
x;, with coefficients a;; that are bihomogeneous of degree (d, d) in ¢;,t; and
Xo, - .., r3. Then the substitution t,x; — y;, tox; — 2z; expresses

fo=tih = Z @ijyiyj,  S1 =tith = Z aijyizj, fo=13h = Z Qi 2i%;-

Note that specialising ) a;;x;x; — xor2 — x123 exhibits these equations as
a flat deformation of the affine cone over P! x P! x P

The “identity” (10.9) in whatever ring the o, 5;, y;, z; have their values
illustrates the problem implicit in Theorem 10.6 of how to map a regular
ambient space A into the singular variety V' that is the universal space of
complexes. When y;, z; are not independent, there are of course many other
ways of satisfying (10.9), and this format includes other anticanonical divisors
in scrolls. Compare Stevens [S].

11 G,, covers of Mori flips of Type A

11.1 Introduction

This section is a brief outline of a joint paper in preparation with Gavin
Brown [BR], that develops the ideas of my old preprint and notes “What
is a flip?” [wF] and Brown’s thesis [B], [B1]. The idea is to study a Mori
flip X \\ Y X in terms of the Z-graded ring R(Y, Ky) arising as the
canonical and anticanonical algebra of the two sides of the flip. The Z-graded
ring R = R(Y, Ky ), or the corresponding affine variety Spec R together with
the G,, action coming from the Z-grading is called the G,, cover of the flip
(I write G,, = C* for the multiplicative group).
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If we assume that the general elephant S € |—Ky| of the flip is a Du
Val singularity, the G,, cover of S is an affine Gorenstein 3-fold that we
can take as a known object. For a Type A flip it is a toric variety. The
problem translates into how to deform this to a 4-fold whose G,, quotient
has only terminal singularities. We carry out this deformation by introducing
a class of “double-headed toric varieties” Vapras (the terminology is currently
under construction — we apologise to the reader for any discomfort and hope
to resume normal service shortly). These are affine 6-folds, determined by
combinatorics and serial unprojection, that have a 4-parameter family of G,,
actions, and that play the role of “key varieties” containing the G,, covers
of Mori flips of Type A. (Here I only give examples, but we conjecture that
all Mori flips of Type A can be covered in this way.) The main point of this
section is to introduce the varieties Vg as examples of serial unprojection,
and I really only discuss the basic setup and our main results as far as required
to make this point.

Although our work could in principle be presented as a logically self-
contained treatment of flips (modulo assumptions or conjectures on the exis-
tence of flips, and the nature of their general elephant), it is more reasonable
to see it as an attempt to get to grips with and reinterpret a brilliant calcu-
lation of Mori [M] dating back to the early 1980s, describing flips of the Mori
category whose general elephant is an A,, singularity. Mori has explained this
calculation to me on several occasions since 1986, and it provides motivation,
logical foundation and a frequently invoked sanity check for our work.

Definition 11.1.1 T adopt the following narrow definition of 3-fold flips,
that is sufficient for present purposes: a flipping contraction is a projective
morphism f: X — Y, where X is a quasiprojective 3-fold with Q-factorial
terminal singularities, f contracts a single irreducible curve C' C X to a point
P € Y and is an isomorphism on the complement, and —Kx is relatively
ample for f. A Mori flip is a diagram

NS (11.1.1)

where X — Y is a flipping contraction and X+ — Y a projective morphism
from a quasiprojective 3-fold with Q-factorial terminal singularities extract-
ing a single curve C* with Kx+ relatively ample on X*. We assume that
Y = Spec Ry is affine, or even a local analytic neighbourhood of P € Y.
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For any nonzero element t € H°(Y, Oy (—Ky)), the divisor divt =S C Y
is a Gorenstein surface, called an elephant of Y. It is a theorem of Mori and
Kollar and Mori that for a general choice of ¢ the elephant S is a Du Val
singularity. It follows from this that ¢ defines a diagram of subvarieties

S- S+ X X+
NS - NS (11.1.2)
S Y

with S~ C X and St C X also the divisor of ¢, and S~ — S and ST — S
crepant partial resolutions of the Du Val singularity of S.

The flip (11.1.1) is of Type A if its general elephant S C Y is a Du Val
singularity of Type A.

For simplicity in setting up the graded ring, assume first that Kx is a
generator of the class group of X (the more general case is discussed in
Remark 11.2.2). Define

HY(X, nKx) if n <0,

11.1.3
HY(X* nKx+) ifn >0, ( )

R, = H(Y,Oy(nKy)) = {

(the multiplication is most easily defined at the level of Oy (nKy)) and set

R=ER., R-=ER. and R.=PR.

nez n<0 n>0

Then R is a Z-graded Gorenstein ring. Both R_ and R, are finitely generated
rings, and according to [wF], the flip diagram (11.1.1) is the Z-graded Proj R,
meaning that X = Proj, R_, Y = Spec Ry and X* = Projy, R,. The
grading of R defines an action of G,, on the corresponding affine variety
Spec R, and the three varieties Y, X and X are different GIT interpretations
of the quotient (Spec R)/G,, under different notions of “stability”. The case
when R is a hypersurface treated by Gavin Brown [B], [B1] already leads to
examples of flips with an interesting diversity of behaviour.

11.2 Mori’s codimension 2 example

Consider the codimension 2 c.i. V' C C® defined by

Ty = xju + 1 and  zoy; = u? + :v“ftAd, (11.2.1)
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where xg, 21,0, 91,1, u are coordinates on C® and d,e,a, 3, \, i are given
positive integers, with A, u coprime. Write

R = C|V] = Clxg, z1,Y0, 1, t, u]/(equations (11.2.1)).

for the coordinate ring of V. Specify a monomial G,, action on C® and on V'
by setting

xrp gAml

u o= ou vy — g'n

b gl and o — gty for g€ G,,.
Yo — g Hy

This makes R into a Z-graded ring, assigning weights

wtu =0, wtt=—1,
(11.2.2)
wtary =\, wtyp =pu, wtrg=—pu, wtyy=—\— pue.

In fact, since the two equations (11.2.1) are assumed to be homogeneous, the
given weights of u and ¢ determine everything up to a finite torsion ambiguity
(this is discussed further in Remark 11.2.2).

We can now calculate the Z-graded Proj R and obtain a flip diagram
(11.1.1): R_ is clearly generated over Ry by the generators of negative weight
xo, Yo and ¢, and a pure power of ¢ appears in the first equation of (11.2.1),
so that X = Projy R_ is covered by two affine pieces:

N S P
Xaco#()_( v o= fU.l’lCtiOIl) H(Aa )‘a07 1)7

B ry = xfut e / L B
Xyg;éO - ( Toyn = uﬁ_i_(xgua_i_tue)dt)\d )\+M€( /’L7l’b707 1)

The fractional notation i()\, —),0,—1) means the cyclic group Z/u acting

on 1,0, u,t by the characters e*,e7*, 1,71, where ¢ = exp % This is the

standard way of choosing an affine cover and inhomogeneous coordinates on
each affine piece of a G,, quotient, just as for w.p.s.s (compare Fletcher [F1],
5.3). Both of these are standard terminal singularities of Type A, so that
Proj R is a Mori flip of Type A.
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Remark 11.2.1 One observes in this and other examples that u®,u?, t}, t*
appear as indivisible tokens. It thus simplifies the notation to replace them
by independent variables A, B, L, M, giving rise to the codimension 2 c.i.
Vasrym C C¥(xo, 21, yo, y1, A, B, L, M) defined by

T1yo = v6A+ M and  xoy; = B+ 2fL. (11.2.3)

Thus Vagras is a 6-fold; in fact, Vapry = C°, because we can just solve for
M and B. We can view Vapry as a “key variety”, and (11.2.1) as obtained
by pulling back the key variety by a morphism A = u®, B = u?, L = t¢,
M = trd,

In the general notation for the two-headed toric 6-folds Vg introduced
below, the equations (11.2.3) are encoded in the pair of rectangles

A, 0B 0 d
Zo Yo and Zo Yo

z Y x Y
0 1 1 . L —d 1 1 0 s

Remark 11.2.2 In setting up the graded ring over a flip in (11.1.3), mainly
for simplicity of notation, I assumed that Ky is a generator of the class
group of X. More generally, Ky may be divisible in C1 X, or Cl1 X may have
torsion, so that Kx is only a Q-generator. As mentioned in Definition 1.1,
in this case we just use the slightly bigger ring

RY)= @ H(Y,0y(D)),

DeClX

which is graded by Cl X = Z & torsion.

The more general case is conveniently illustrated in Mori’s Example 11.2.
Choose positive integers d, e, o, 3, A, u with A, u coprime, and a common fac-
tor ¢ | hef(d,e). Define a codimension 2 c.i. V = Spec R C C8, replacing
(11.2.1) by

T1Yo = Tu” + /% and Toyp = u? + x‘iltAd/‘s.

Write p,, for the cyclic group of nth roots of 1. The more general monomial
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action of G,, x g on C® and on V is given by®

T = 9)‘51551
u = u d yi — glean
t = gt T g tea T
- —1
Yo g e o

for g € G,, and €1 € pg,e2 € pe. This just takes into account the finite
ambiguity in the weights mentioned in (11.2.2).

The key variety Vagras itself is not affected by the generalisation, only
the pullback and the choice of the group action. For this reason I suppress
the generalisation in most of what follows (it is easily restored).

11.3 One long rectangle

As explained in (11.1.2), the general elephant of a flip X \, YV / XT of
Type A is a diagram of subvarieties S= \, S  S*, with S a Du Val
singularity of Type A,, and the two sides S= \, S ST crepant partial
resolutions extracting at most one curve. (The general elephant S~ C X
need not contain the flipping curve, in which case S~ — S is an isomorphism.
Compare Remark 11.5.1.)

The G,, cover of the elephant S~ N\, S ST is a Gorenstein affine
toric 3-fold V,, = Speck[oc N M| whose cone of monomials ¢ C Mg is the
quadrilateral cone of Figure 11.3.1. Here the z;,y; and u are monomial
generators, with u the unique internal generator. (The dualising sheaf of an
affine toric variety V' is isomorphic to the ideal of internal monomials, so V'
is Gorenstein if and only this ideal is principal.) In Figure 11.3.1, the tags
a;, b; down the sides represent tag equations

Ti1Tip1 = X} with a; >2fori=1,...,k—1,

b; : , (11.3.1)
Yji—1Yj+1 = ng with bj ZQfOI'] :1,,1—1

The top two corners are annotated by powers of u, which modify their tag
equations to

Ty = 0u® and  zoy; = yu”  with o, 8 > 0. (11.3.2)

6This treatment is too hurried. I have notes and a letter from Mori somewhere doing it
properly. I should choose n = lem(d, e), and &1 € py,, €3 € py, in a coherent way in order
that the action of G,, X u, has isolated fixed points and corresponds to the dual of the
class group of Y.
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a bo
0 Zo Yo

a & T Y1 o by

ag—1 ¢ Tp—1  Y—1 ® b

Lk Y
. Qk by

u u

Figure 11.3.1: A Gorenstein cone ¢ in M = Z3. The origin is behind the
page; the monomials x;, y; and the internal generator u are not coplanar.

The monomials down either side of the rectangle (11.3.1) form the Newton
polygon of a surface cyclic quotient singularity, and are thus governed by
standard rules in terms of the Hirzebruch continued fraction [aq, ..., ax1]
and [by,...,b;_1]. The restriction a;,b; > 2 comes from this. All this follows
easily because any two consecutive monomials v;, v;11 around the perimeter
of (11.3.1) together with the internal generator u form a Z-basis of the lattice
of monomials M.

On the other hand, the tags at the world’s four corners ag, ay, b;, by cannot
all be > 2. In fact, each tag equation corresponds to a change of basis

Vi 0 1 0 Vi—1
Vi+1 = -1 a; ? V;
U 0 0 1 U

in M, where ? is the annotation u’ at the corners. Circumnavigating (11.3.1)
by successive changes of bases gives

0 1 0 0 1
—1 a; 7| =ids, in particular H (_1 a») =idy. (11.3.3)
0 0 1 ‘

The tag equations so far (11.3.1-11.3.2) determine each z; and y; as a Laurent
monomial in zg,yg, u. Writing out these Laurent monomials allows us to
calculate all the equations between the generators xq,..., %k, Yo, ..,y U,
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and in particular the powers of u annotating the tag equations at the bottom
corners. Write

k[V,] = klo N M] = klzo, ..., %k, Yo, - - -, Y1, U]

for the ring generated by these monomials, the affine coordinate ring of the
Gorenstein toric 3-fold V.

u® u
ao 1
a; @ ® b
° °
d e ® b
o 0 —d—1 ¥

Figure 11.3.2: Main case: the corner tags have signs ag > 0, by =1, ax = 0
and b; < 0, and the side tags form complementary continued fractions.

Convexity considerations and combinatorics of concatenated continued
fractions (compare Craw and Reid [CR], Section 2) reduce us to just a few
cases. The main one is the rectangle of Figure 11.3.2 with tags forming
complementary continued fractions

n

n
[ao,al,...,ak_g] = E and [bl,bQ,...,bl_l] = (1134)

n—q

for some n and ¢. This is a well known way of fixing up identities such as
the second of (11.3.3); see for example [CR], Figure 4 or [Rie], §3, pp. 220-3.
However, as Jan Stevens taught us, it is also a way of deconstructing the
continued fraction, successively eliminating the tag 1 and decrementing its
two neighbours. For example, take n = 11 and ¢ = 7; then 1—71 = [2,3,2,2]
and 14—1 = [3,4]. Concatenating the two continued fractions with a 1 gives
2,3,2,2,1,4,3], that deconstructs by replacing 2, 1,4 by 1, 3:

—12,3,2,1,3,3] — [2,3,1,2,3] — [2,2,1,3] — [2,1,2] — [1,1] =0.

Compare [CR], §2. My main point is:
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uts
(10—1

uﬁ
(431 b1 -1

Figure 11.3.3: Projecting from vy

the same calculation gives successive Gorenstein projections of
the toric coordinate ring k[V,] down to a codimension 2 complete
intersection.

In fact, if yo has the tag by = 1 then also xg,y; and u base M. This is
basically the same reason that allowed us to assume that a;,b; > 2 down the
sides (if a; = 1, I can eliminate x; as a generator), but here eliminating ¥,
cuts down the cone o, so makes a birational change to V,,.

To see the effect of this change in more detail, note that because y, has
the tag byg = 1, it occurs linearly in 3 tag equations:

T1Yo = Tou®, YoY2 = ylfl and  zoy, = you”

(and also in long equations yoz; for i > 2 and yey; for j > 3, but we do not
need these). To eliminate 3o, I multiply the first two equations by u” and
substitute you® = xoy, in each, then cancel a power of x( or y; respectively,
to get the new tag equations

Ty = 200wt and  zoyy = o P,

In words, chop off the top right-hand corner of o, giving the new Goren-
stein quadrilateral cone ¢’ with top corners given as in Figure 11.3.3. Note
that the two monomials adjacent to the recently executed y, have their tags
decremented by 1, but inherit a factor of ©® in their annotation.

Under the current assumption that [ag, ay,...,ax_o] and [by, b, ... b_1]
are complementary continued fractions, one of ayg—1 and b; — 1 is again equal
to 1, allowing me to eliminate zy or y; by another Gorenstein projection, and
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so on. The serial projection ends with a rectangle

uP u?

d—1 0

0 —d-1)

where the exponents p, ¢ of u are linear combinations of o and 3 determined
by cumulatively multiplying the annotations. This rectangle represents the
codimension 2 complete intersection

d—1
Ty = ul, xRy = x,_jub.

11.4 A pair of long rectangles

Example 11.4.1 I illustrate in a simple codimension 4 case how to deform
a Gorenstein toric variety by projection and unprojection to obtain the G,,
cover of a Mori flip. The quadrilateral cone of monomials and its tag equa-
tions are as follows:

u 1 2 v 2y
x = zou® x = Ysu
0 % 1Yo 0 0Y1 Yo
2 ¢ 1 ToXo = a:%
—
d e x5 T3 = 29
T3 Y1 —(d—1) T — y20t8 _ i1,
2048 241 3Yo 2
for some a > 0 and 8 > 0.
Remark 11.4.2 The bottom right equation x3yy = xg’lua is nonstandard:
because the tag by = —(d — 1) is negative, the regular tag equation would be
T3Yo = yf(d_l)u?, (11.4.1)

which is not a polynomial equation. I therefore replace y;* by xou” using the
bottom left equation, getting the modified tag equation xsyy = x4 'u’. This
replaces the negative exponent of the corner monomial y; with a positive
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exponent of the monomial xo opposite the corner. We certainly pay for this
substitution when we do syzygies, although I do not know how to express
this sentiment mathematically.

Note also that (11.4.1), rewritten as z3yy?~' = u’, is a general feature
of the monomial rectangle (11.3.1) that may at first sight seem somewhat
unexpected: the internal monomial u chooses to live right in one corner,
namely in the convex hull of y;, xx, y;_1.

I deform this ring by guessing the two equations at the top:
1Yo = zou® + 2 and  zoy = yguﬁ + ot (11.4.2)

where ¢ is an elephantine deformation parameter (¢t = 0 will be the anti-
canonical section for the Z-grading). There is nothing very special about the
exponents of ¢: they are a priori arbitrary coprime integers satisfying some
inequalities and possibly divisibility conditions; the point of writing them in
this form is to make the bottom two equations and the Z-grading pretty.

Now (11.4.2) is a codimension 2 c.i. that contains the codimension 3 c.i.
(w0, Y0, t"). It thus unprojects by Theorem 5.2. The unprojection variable
xo satisfies 3 new equations given by a game of Pfaffians similar to that of
Example 4.1:

Y1 —T —youfj T2

_ 2 A
o —t)‘ e ToTy = T+ youﬂt TH
t)\-i-u - TolYo = Tu® + ylt”“
ZTo —
x Tiyr = you P 4 xot?
1

These 5 equations define a Gorenstein codimension 3 variety that contains
the codimension 4 c.i. (zg, 21, %o, ). This again unprojects by Theorem 5.2,
adjoining z3. In fact, it is a Jerry unprojection (see Example 6.8): rows and
columns Nos. 3 and 4 of the Pfaffian matrix (all entries except for the 125
triangle) are in the ideal (zq, 1, yo, ).

Asin Example 6.8, there is an easy trick to derive x5 as a rational function,
namely elimination of o (a projection). Notice that xy appears linearly in 3
of our 5 Pfaffians; the two not involving x, are the above equations

Toyo = T1u® + ™ and  zyy = you P+ 2ot

These define a codimension 2 c.i. that contains two separate codimension 3
c.i.s, namely the ideal of denominators (zs,y;,u®) of zy and the new one
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(w1, 0, 1) that is the ideal of denominators of 3. I indulge myself in just
one final round of Pfaffians:

Yy —ry —uttP g

N o r1r3 = ZL'% + ylu‘”ﬂt/‘
Yo —t —u « 211
r3yo = wu +yit!
Ty —ht" 20-+03 A
T2y = U @ + Jfgt
T2

The first of these equations proves that if we make a deformation of
the ring in Example 11.4.1, starting from the top two equations (11.4.2)
and adopting the above style of unprojection, then necessarily d = 2. As
in Example 6.8, we do not really have a good way of deriving the “long
equation” for zoxs. As far as we know, it is not contained in a Pfaffian in
any useful way. Messing around with explicit syzygies eventually gives

oy = 115 + Yoyt 't + u I, (11.4.3)

There is a unique way of putting a Z-grading on this set of equations with
wtu =0, wtt = —1, provided that 3 | . Namely,

wtxz =A>0, wty; =pu/3>0, and
wtxg = —p/3, wtzp = —X\—2u/3,
wtxg = =2\ —pu, wtyo=—\—p/3.

The G,, quotient is the flip diagram X \,Y / X, where

. 1Yo = Tou® + At /
X=P _=
oIt < zoyr = you’ 4 11t G

is covered by the two affine pieces ro = 1 and 39 = 1 and

: Tyyo = Tu® + yith
XT =ProjRy = ( s = u2a+ﬂ—|—.;:3tA /(Gm

is covered by the two affine pieces 3 =1 and y; = 1.

This is a Mori flip of Type A, with ¢ = 0 the general elephant, and u =0
the general hyperplane section. For example, the yo = 1 affine piece of the
left-hand side X is the hyperquotient singularity

Ty = xou® + / 1
t ty,0,1).
< ToYp = uB + (ZL'()Ua + t2)\+,u)t)\ wt 4o (W Lo, WLy, U, )
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If we look up the weights, we see that this is

?

1
(zoys =’ + -+ %) /=(—a,a,0,1), withr=\— % 0= %
T

which is a standard Type A terminal singularity.

11.5 Conclusions from this example

The rectangle of Example 11.4.1 defines an affine Gorenstein toric 3-fold V,;
I have shown how to deform it to a 4-fold V,,, with a G,, action such that
Vit has isolated singularities modulo the action and isolated fixed points.
Requiring isolated fixed points means that the corner equations contain pure
powers of ¢ (possibly after a substitution). The deformation style adopted
keeps track of the powers of ¢ by introducing the right-hand rectangle of

A B LM
1 2 0 —1
2 e 2 e
and
d e 2 e
0 —(d—1 1 2
A%B ( ) L M

Figure 11.5.1: The pair of long rectangles for Example 11.4.1

Figure 11.5.1, having different top and bottom corner tags and annotations,
but identical torso. This imposes d = 2 on the original rectangle.

As in Remark 11.2.1, the final expression only contains u and ¢ within
the tokens u®, uf, t*,t*. Replacing

wWi— A u—B, t"—L t—M

in the equations (say, taking the top two equations to z,yy = oA + L*M
and zoy; = Yo B + 1 L) gives an affine Gorenstein 6-fold Vaprys with a reg-
ular sequence A, B, L, M € k[V4 g | such that the codimension 2 sections
Vag : (L = M = 0) and Vi : (A = B = 0) are the toric 4-folds with
respective cones of monomials documented by the long rectangles of Fig-
ure 11.5.1. There is a 4-dimensional torus G} with a monomial action on

62



Vaprm, namely, the subgroup of the diagonal group G2, acting on C® with
coordinates g, x1, %0, y1, A, B, L, M that leaves semi-invariant the top two
equations zyyy = oA + L?*M and oy, = y2B + 21 L.

Remark 11.5.1 At the start of Example 11.4.1, the assumption on 3 was
only that 8 > 0. If 8 > 0 then P!(zg : 1) is contained in the elephant and
the point P,, = (0 : 1) € V,, is a terminal singularity of index (—wtyp). If
B = 0, the top right equation contains a pure power of yo, so that P, ¢ V,,.
In this case, S~ — S of (11.1.2) is an isomorphism. This is Mori’s distinction
between cases kAs and kA;, having respectively two and one singularities of
index > 1 on S. In this case the angle at y, in the left-hand long rectangle
straightens out, so that the elephant is represented by a “long triangle”.

11.6 Pairs of long rectangles and serial unprojection
via pentagrams

The combinatorial classification of pairs of long rectangles is solved in Brown
and Reid [BR]. We obtain a number of families labelled by Roman numerals:
the case of Figure 11.5.1 is currently called I11(1,0). Each pair gives rise to
a two-headed toric 6-fold Vapra by the serial unprojection method outlined
below, with the properties sketched in 11.5. We still have some work to do to
identify our treatment with Mori’s calculation [M], but the pairs 11(d, e, k) of
Figure 11.6.1 seem to be most closely related to it. The figure illustrates

A B

d 1 0 —(e—1)
= 2X (d — 2) =

K ) °
o 3 ®

de F2x(e=3)  ,nd * =
o 3 )

d ¢ £ 2x(e—2) ? =

0 —(d—-1) e 1

L M

Figure 11.6.1: The pair of long rectangles 11(d, e, k).

the case k even and d,e > 4. The two rectangles have the same torso
tags (excluding tops and tails): k terms e, d,e,d,...,d down the left and
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k blocks 2,...,2,3 of d — 2 and e — 2 terms each down the right, giving rise
to complementary continued fractions

n

le,d,...]=" and [2,...,2,3,2,...] =
q n—q

as in (11.3.4).

Remark 11.6.1 (1) The two rectangles correspond to the elephant ¢t = 0
and the general section u = 0 of a flip. Mori has proved that if the
elephant is of Type A then the section is a cyclic quotient singularity,
this is where Vapras gets its two toric heads from.

(2) We would be interested to know if the Vg1 have already been studied
elsewhere. We hope that they have other descriptions; it is conceivable
that they are quasihomogeneous varieties for some slightly bigger group
than G2, for example, something with a unipotent radical such as
two copies of (Gé" g;). All those Pfaffian equations of Vypras that
become binomial (toric) on cutting to Vip and Vij, might to have
something to do with extending toric varieties to quasihomogeneous

varieties modelled on GL(2).

(3) It should be reasonably straightforward to extend much of the appa-
ratus of toric geometry to deal with the Vagpy. Invariant divisors,
coherent cohomology, Betti cohomology and Hodge theory, derived cat-
egories, Gromov—Witten invariants, mirror partners...Get on with it,
this isn’t a research grant application!

(4) It seems likely that the two-headed toric varieties Vapry can also act
as key varieties in other contexts. For example, we expect that they can
be given nice positive gradings, and so act as key varieties for projective
varieties coming from serial unprojection constructions, as illustrated
in Examples 7.1-7.6. This could extend the range of our artillery for
attacking surfaces and 3-folds, bringing other interesting targets within
range.

Example 11.6.2 I illustrate serial unprojection with a little workout in the
case k = 2, and get a final fix (ultimo Pfaffiano!). The bullets down the
left side of the rectangle in Figure 11.6.2 are monomials xg, 1, z9, x3. To
avoid going into double suffixes, I write yo, ..., yqs and then zy, ..., 2. for the
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monomials down the right side, with an overlap of 3:
Yi—o = 20, Yd—1 = 21 is the monomial with tag 3, and y,; = 2.

I start work on the right-hand rectangle (the cone of monomials for V7,/),
with the initial objective of discovering the annotations at its top corners.
The bottom right tag is a 1, so that I can project from z. as in Figure 11.3.3
(but bottom-up this time), then successively from z._1, ..., 29. By the rules
given around Figure 11.3.3, the new tag at x3 is decremented by 1 at each
projection, and the annotation at xs inherits a factor of M, so that after
e — 1 steps the tag is 1 and the annotation is LM®™!, giving successive tag
equations

T1x3 = :zzg, Tozy = xs LMY, 529 = sz

The last projection of z, decrements the tag at z; from 3 to 2, and gives z;
an annotation of M.

Now z3 can be projected: I chop it off, and its annotation LM®! is
multiplied into that of x5 and z; = y4_1. The score at half-time is:

0 —(e—1)
e e = 2xd—2
d—1 1
LM LMe

Next project from yg4_1,...,y2. At each point the annotation LM of y; is
passed on to that of y;_1, and is multiplied into the tag of x5. Since we
project d — 2 times, the tag of x5 decrements down to 1, and its annotation
multiplies up to

LMe—l X (LMe)d—2 — Ld—lMde—e—l.

A B

d 1 0 —(e—1)
= 2x(d—2 =

“1 o 3 ( ) and 1 °

d e = 2x(e—2) ? *

0 —(d—-1) e 1

L M

Figure 11.6.2: The pair of long rectangles 11(d, e, k).
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Finally project zs, so that its annotation is passed on to x; and multiplied
into that of y; to give LM9e~1. This leaves us with a rectangle representing
the two equations

T1yo = LM and  woyy = LA M et

at the top corners of the right-hand rectangle.
Merging the right hand side of these with those at the top corners of the
left-hand rectangle gives the top equations for the 6-fold Vagya:

T1yo = oA + LIMY* and a0y, = yoB + 2¢ LLT MY (11.6.1)

Now this is where the fun really starts. Consider the series of 5 x 5 Pfaffians

vy —B —axt! Ui
r; —LM¢® _:I;g_iABi—l
xo  —ay PLATIp el
Yi—1
(2 = AR g LA i et
ToYi = Yi-1B+ xi_lx;_lLd*iM(dfi)efl
- ToYi—1 — asg_i:vf_lABi—l + 4, LM

1y = ch*iAB"ng;ng—iM(d—z‘)eq
Tory = zi+ BLM*®

fori =1,...,d—1. When ¢ = 1, the first two equations are just (11.6.1), and
the final three, linear in x5, are the equations defining the unprojection of the
codimension 3 c.i. (xg, yo, L1 M%~1) in the codimension 2 c.i. (11.6.1).
For i > 2, the matrix is easily read off the pentagram of Figure 11.6.3,
(a). We start from the two known equations for zozy and zyy; 1. The
5 points of the pentagram are s, x1, ¢, y;—1,y;- We write these cyclically
around the superdiagonal and top right of the matrix, so that adjacent ver-
texes do not multiply in Pfaffians, but vertexes that are two apart do so, as
in the pentagram: the new unprojection variable y; goes in the top right,
from whence it will multiply z¢, x; and the middle entry ms4, but not x,
or y;_1. The remaining matrix entries are uniquely determined by requiring
that Pfi534 is the known equation for zgx, and Pfas45 the known equation
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Zo Zo

T1 Yi—1 s T
Yd—1
Yi Zi—1
g Zl
X2 X2 X2 Zi
ZT3 T3

(a) (b) (c)

Figure 11.6.3: Pentagrams for 11(2,d, e)

for x1y;_1 with the middle entry moy = LM¢€ the hct of the terms BLM*®
and x4 ' LA7F (@ )e1 in those two equations (taking a factor smaller
than the hef would lead to a nonnormal variety). The 3 new Pfaffians deter-
mine the new unprojection variable y; as a rational function, and one proves
via Theorem 5.2 that it defines a Gorenstein variety with coordinate ring
generated by g, x1, T2, Y0, .. .,Yi, A, B, L, M.

For 1 <1 < d — 2, suppose by induction that these equations hold for ¢;
then projecting from y;_; deletes the first three equations, leaving the last
two as a codimension 2 c.i. containing (zo, x1, LM®). Thus we can introduce
a new unprojection variable y;, 1, with three new relations contained in the
same set of equations with ¢ — ¢ + 1.

The rest is similar. At the end of the first half, the first series of Pfaffians
culminates at ¢ = d — 1 with the equation

T1Ydq—1 = [L’()ABd_l + [L'g_lLMe_l.

At half-time, we use this together with the equation for xoxs as input to
a 5 x 5 Pfaffian matrix corresponding to the pentagram (b), switching to
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z1 = yq_1 for the second half:

vy —BM  —25t T3
T —LMet —ABY!
Zo —;ch
<1
- e—1_.d—1
rors = xf x5 +xnBM
— r1rs = l’g‘i‘ABdM

ToZ] = a:f_lABdfl—l—ngMe*l

Notice that the middle term of the matrix mos = LM¢~! has slipped down
to the hef of two terms in the input equations Pfi534 and Pfoz 45.

The two last equations form the input to the series of Pfaffians corre-
sponding to the pentagram Figure 11.6.3, (¢) that play during the second
half:

T3 —ABd —.legil Zit1
To -M _xi—i—lAin—i
T —ri LMl
Zi

This works by induction as before, and I leave it at that.
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