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0 Alla marcia

0.1 The extension problem

Given a variety C C P*~!, I want to study extensions of C' as a hyperplane
section of a variety in P":

c c prt
N N with C=P"!'nX;
X c P

that is, C': (zg = 0) C X, where zg is the new coordinate in P". I will always
take the intersection in the sense of homogeneous coordinate rings, which is
a somewhat stronger condition than saying that C' is the ideal-theoretical
intersection C' = P" 1 N X.

0.2

Some cases of varieties not admitting any extension were known to the an-
cients: for example, the Segre embedding of P! x P? in P° has no extensions
other than cones because all varieties of degree 3 are classified ([Scorzal—
2, XXX], compare [Swinnerton-Dyer]); and systematic obstructions of a
topological nature to the existence of X were discovered from around 1976
by Sommese and others (see [Sommesel], [Fujital], [Badescu], [L’vovskiil-
2]). More recent work of Sommese points to the conclusion that very few
projective varieties C' can be hyperplane sections; for example, Sommese
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[Sommese2-3] gives a detailed classification of the cases for which K¢ is not
ample when C = P*" ' N X is a smooth hypersection of a smooth 3-fold
X; this amounts to numerical obstructions to the existence of a smooth
extension of C' in terms of the Mori cone of C.

0.3 The infinitesimal view

Here I’'m interested in harder cases, for example the famous problem of which
smooth curves C' of genus g lie on a K3 surface C' C X; the infinitesimal
view of this problem is to study the schemes C' C 2C C 3C' C - - - that would
be the Cartier divisors kC : (z§ = 0) C X if X existed. Here each step is a
linear problem in the solution to the previous one. For example, assuming
that C' is smooth, the first step is the vector space

HY = {2C C P" extending C'} = H°(Npn-1c(—1))
or dividing out by coordinate changes,
T!, = {2C extending C} = coker{ H(Tpn-1(—1)) — HO(NIPn—l‘C(—l))}.

Singularity theorists know this as the graded piece of degree —1 of the defor-
mation space T! of the cone over C. However, the extension from (k — 1)C
up to kC' is only an affine linear problem for & > 3 (because there is no
trivial or cone extension of 2C'); in particular 1st order deformations may
be obstructed.

0.4

This paper aims to sketch some general theory surrounding the infinitesimal
view, and to make the link with deformation theory as practised by singu-
larity theorists. My main interest is to study concrete examples, where the
extension-deformation theory can be reduced to explicit polynomial calcu-
lation, giving results on moduli spaces of surfaces; for this reason, I have
not taken too much trouble to work in intrinsic terms. It could be said that
the authors of the intrinsic theory have not exactly gone out of their way to
make their methods and results accessible.

The indirect influence on the material of §1 of Grothendieck and Illusie’s
theory of the cotangent complex [Grothendieck, Illusie2] will be clear to
the experts (despite my sarcasm concerning their presentation); §1 can be
seen as an attempt to spell out a worthwhile special case of their theory in
concrete terms (compare also [Artin]), and I have groped around for years



for the translation given in (1.15, 1.18, 1.21) of the enigma [Illusiel, (1.5—
7)]. Thus even a hazy understanding of the Grothendieck ideology can be
an incisive weapon, which I fear may not pass on to the next generation.

0.5

Already considerations of 1st and 2nd order deformations lead even in rea-
sonably simple cases to calculations that are too heavy to be moved by
hand. An eventual aim of this work is to set up an algorithmic procedure
to determine the irreducibility or otherwise of the moduli space of Godeaux
surfaces with torsion Z/2 or {0}, suitable for programming into computer
algebra (although this paper falls short of accomplishing this); see §2 for
this motivation and §6 for a ‘pseudocode’ description of a computer algebra
algorithm that in principle calculates moduli spaces of deformations.
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Part I
General theory

1 The Hilbert scheme of extensions

This overture in the French style is mainly formalism, and the reader should
skip through it rapidly, perhaps taking in the main theme Definition 1.7 and
its development in Theorem 1.15; Pinkham’s example in §2 gives a quick and
reasonably representative impression of what’s going on.

1.1

Let C,O¢(1) be a polarised projective k-scheme (usually a variety), and

S =R(C,0c(1)) = P H(C, Oc (i)

i>0

the corresponding graded ring. Suppose given a ring R C S of finite colength,
that is, such that S/R is a finite dimensional vector space. Often R = S, but



I do not assume this: for example, if C € P*~! is a smooth curve that is not
projectively normal, its homogeneous coordinate ring R = k[z1, ..., 2,]/Ic
is of finite colength in R(C,O¢(1)) (the normalisation of R).

Throughout, a graded ring R is a graded k-algebra

R:@Ri

i>0
graded in positive degrees, with Ry = k.

Main problem Main Problem. Given a graded ring R and ag € Z, ag > 0.
Describe the set of pairs g € R, where R is a graded ring and z¢ € Rg, a
non-zerodivisor, homogeneous of degree ag, such that

R = R/(x).

Notice that since x( is a non-zerodivisor, the ideal (xg) = zgR = R. If R is
given, then I write

R® = R/(a5™),
and call R%) the kth order infinitesimal neighbourhood of R = R in R.

This notation and terminology will be generalised in (1.8).

1.2 The hyperplane section principle

Let R be a graded ring and xy € R a homogeneous non-zerodivisor of degree
degzg = ag > 0; set R = R/(xp). The hyperplane section principle says
that quite generally, the generators, relations and syzygies of R reduce mod
7o to those of R = R/(x¢), and in particular, occur in the same degrees. In
more detail:

Proposition (i) Generators. Quite generally, let R = @ R; be a graded
ring, and R = R/(x0), where x¢ € R,,. Suppose that R is generated
by homogeneous elements x1,...,x, of degree degx; = a;; then R is
generated by xg,x1,...,2xn. That is,

R =k[z1,...,2,]/I = R=kl[xo,...,z,]/I,

where I C k[z1,..., 2] and I C k[xq, ..., xy] are the ideals of relations
holding in R and R. (See (1.3, (3)) for the several abuses of notation
involved in the x;.)



(ii) Relations. Keep the notation and level of generality of (i). Suppose
that f(x1,...,2,) € I is a homogeneous relation of degree d holding in
R; then there is a homogeneous relation F(xq,...,z,) € I of degree d
holding in R such that F(0,x1,...,2y) = f(x1,...,2p).

Let f1,..., fm €I be a set of homogeneous relations holding in R that

generates I, and for each i, let Fi(xq,...,z,) € I be a homogeneous
relation in R such that F;(0,21,...,z,) = fi(z1,...,2,). Now assume
that xqg is a non-zerodivisor. Then F1, ..., F,, generate I; that is,

TZ(fl,...,fn) :>I=(F1,,Fn) with El—>f1

(i1i) Syzygies. Quite generally, let Fi,...,Fy, € k[zo,...,x,] be homo-
geneous elements, and consider the ideal I = (F,...,F,) and the
quotient graded ring R = k[xo,...,zy]/I. For each i, write f; =
F;(0,21,...,2n) € k[z1,...,2,], and set T = (f1,..., fm) and

R = R/(xo) = k[z1,...,2,]/1.
Then the following 3 conditions are equivalent:
(a) xo € R is a non-zerodivisor in R;

(b) (xo) NI =zl C k[xo,...,$n],'
(c) for every syzygy

J:Z&fiEOGk[xl,...,mn]

between the f; there is a syzygy

¥ ZLiFi =0 € kl[zg,...,xy)

1

between the F; with L;(0,z1,...,2,) = li(x1,...,2Tp).

Remark 1.3 (1) This is standard Cohen-Macaulay formalism, see for ex-
ample [Mumfordl] or [Saint-Donat, (6.6) and (7.9)]; everything works
just as well if the non-zerodivisor xg is replaced by a regular sequence

(ST SN R

(2) Recall the general philosophy of commutative algebra that ‘graded is a
particular case of local’. The assumption that R is graded and ag > 0



(4)

()

1.4

is used in every step of the argument to reduce the degree and make
possible proofs by induction.

In the more general deformation situation 2o € R or z9 € H°(Ox),
one must either assume that R or Ox is (x¢)-adically complete (for ex-
ample (R, m) is a complete local ring and z¢p € m); or honestly face the
convergence problem of analytic approximation of formal structures.
This is the real substance of Kodaira and Spencer’s achievement in
the global analytical context, and, in the algebraic setup, is one of the
main themes of [Artin].

By (ii), R is determined by finitely many polynomials of given degree,
so it depends a priorion a finite dimensional parameter space. Morally
speaking, rather than graded and degree < 0, the right hypothesis for
the material of this section (and for the algorithmic routines of §6)
should be that T! and T? are finite dimensional.

Abuse of notation. There are two separate abuses of notation in
writing z;: (a) the same z; is used for the variables in the polyno-
mial ring k[xi,...,z,] and for the ring element z; = imx; € R =
klz1,...,zy]/I; there is no real ambiguity here, since I usually write
= for equality in R and = for identity of polynomials. (b) I identify the
variables in the two polynomial rings k[z,...,z,] and k[z1,..., zy,];
this means that there is a chosen lifting k[z1,...,z,] — k[zo, ..., 2y)
of the quotient map k[xzo, ..., z,] — k[z1,..., 2] = k[z0, ..., 20|/ (x0).
Notice that from a highbrow point of view, I always work in a given
trivial extension of a (smooth) ambient space (with a given retraction
or ‘face operator’), thus sidestepping the unspeakable if more intrinsic
theory of the cotangent complex [Grothendieck, Illusiel-2, Lichten-
baum and Schlessinger].

can be lumped together as a more general statement on modules.

The notation of (1.2) will be used throughout §1. I’ll write d; = deg f;
and s; = degoj.

Proof of (1.2, i)

Easy: mod zg, every homogeneous g € R can be written as a polynomial in

1, ..

., Ty, so that

g= g(](xla .- '7xn) +$Og/>

where ¢’ € R is of degree deg g — ag < deg g, and induction.



1.5 Proof of (1.2, ii)

It’s traditional at this point to draw the commutative diagram

— N — O

0
!
(xo)NI — I —
!
0 —  (mo) — Kklxo,...,zn] — Eklx1,...,25) — 0
! !
0 — ToR — R — R — 0
! !
0 0

0

with exact rows and columns. Now I — T is surjective by the Snake Lemma.
Take any f € I homogeneous of degree d and F € I with F +— f. Then
f = F — xpg (this uses the lift f € k[z1,...,x,] C k[zo,...,zy]). If I take
only the homogeneous piece of F' and g of degree d then f = F — xgg still
holds, so F'+— f.

Now suppose that {Fy,..., F,} are chosen to map to a generating set
{ft,..., fu} of I, and let G € I be any homogeneous element. Then since
Gr—gel=(f1,...,fn),Ican write

g=> lif;
with homogeneous ¢; € k[x1,...,x,], so
H=G-> UiF; € (z)NI.
Claim If zg is a non-zerodivisor of R then (x¢) NI = xol. Because
H=z0H €l = z0H'=0€R = H'=0€R = H'el.
Thus G = > {;F; + 29G’ with G’ € I, so I'm home by induction.

1.6 Proof of (1.2, iii)

(a) = (b) has just been proved, and <= is just as elementary. I prove (b)
= (c). Write F; = fi+x0g;, and suppose the syzygy of Ris o : >_ £;f; = 0.

Then
I> Z&Fi = T Zfigi € (z0),
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so that (b) implies that > ¢;g; € I, and so Y ¢;g; = > m;F;. Then
ZLiFi = 0, where Lz‘ = Ei — Xom;.

Conversely, assume (c) and let g € k[zo,...,x,] be such that zog =
> ¢;F;. Then Y ¢; f; = 0so that by (c) there exist L; — ¢; with Y L;F; =0,
and

Tog = X0 Z(& - Lz)Fz,

so cancelling zg gives g € I. Q.E.D.

1.7 The Hilbert scheme of extensions of R

This solves Problem 1.1: the set of rings R, x¢ € Ry, such that R = R/(x0)
can be given as the set of polynomials F; extending the relations f; of R
such that the syzygies o; extend to X;.

To discuss this in more detail, fix once and for all the ring R, its gener-
ators x1,...,x,, relations f; and syzygies o;.

I also fix the polynomial ring k[zo,...,z,] overlying R and discuss the
set of extension rings R together with the data {F;,¥;} of relations and
syzygies as in (1.2). Then

{VR,{E’,Z]-} R/(fﬂO)%R}ﬂﬁ

BH — F; = fi +x0gi
i Lij = &j + XMy

ZL”E = O} .

The set on the right-hand side has a natural structure of an affine scheme
BH = BH(R,ag), the big Hilbert scheme of extensions of R. For the
gi € k[xo,...,x,]) and my; € k[zo,...,xy,] are finitely many polynomials
of given degrees, so their coefficients are finite in number, and can be taken
as coordinates in an affine space; the conditions ) L;jF; = 0 are then a
finite set of polynomial relations on these coefficients.

Remark The (small) Hilbert scheme
H(R, ao) = {VR, 20 | R/ (z0) = R}

is part of primeval creation, so can’t be redefined: it parametrises ideals
I C k[xo,...,z,] such that (zo) NI = 2ol and I/xol = I, and is a locally
closed subscheme of the Grassmannian of I<q C k[zo,...,zp]<q (for some
large d), as usual in the philosophy of [Mumford2].



Throwing away the extra data {Fj, L;;} corresponds to dividing out BH
by an equivalence relation. This is rather harmless, and mainly a matter of
notation: (1) the equivalence relation is of the form

F, ~ F;, + g (Z ijj> , and similarly for the ¥,

(because I'm only concerned with the ideal I generated by the F;, and have
fixed f; = F; mod zg), and is therefore given by a nilpotent group action;
(2) by methods of Macaulay and Grobner, any vector space associated with
klxo,...,zy] can be given a preferred ordered monomial basis, in terms of
which, for a fixed k-valued point R € H(R, ap), there is a “first choice’ for
the extra data {Fj, Li;}; I will refer to {Fj, L;;} as the coordinates of the
corresponding R € H(R, ap).

Definition 1.8 Suppose given a graded ring R and a degree ag. A ring R*)
together with a homogeneous element o € Rgg) such that R = R®) /(z) is

a kth order infinitesimal extension of R if a;é““ =0 and R™®) is flat over the
subring k[zo]/(z§ ) generated by .

Remark Write py; = P - R®) — R®) for the map given by multiplication
by z}; flatness is of course equivalent to saying that

im i1 = ker pi; & RU™D = R®) /()

for each 0 < ¢ < k. This is the nearest a nilpotent element of order k£ + 1
comes to being a non-zerodivisor: xg kills only multiples of mlg.

The material of (1.2-7) can be easily rewritten in this context: to give

R™) is the same thing as to give relations F; € k[zo, ..., z,] /(™) extend-

ing f; and such that the syzygies extend mod :BSH.

Thus the big Hilbert scheme BH®) = BH®) (R, ag) of kth order infinites-
imal extensions of R is given as in (1.7) as the affine scheme parametrising
power series

k
Fy = fi+aof{ +adf +---+abf"
and i
Lij = i + zolly + -+~ + bt
for which the syzygies are satisfied up to kth order:
Z L;jF; =0 mod :CISH.
Similarly, the (small) Hilbert scheme H*) = H®*) (R, ag) parametrises ideals
I C klxg, ... 2]/ (@) with  (20)N I = 2™ and 1) /zo1®) =T.

10



1.9 There is no convergence problem

In the previous sections I have defined a Hilbert scheme H(R) parametris-
ing extension of R, and kth order Hilbert schemes H®*)(R) parametrising
kth order infinitesimal extensions R*), with morphisms ¢, : H*) — HE—1
truncating R*®) into R*~Y = R®) /(zk). Now it is fortunate and obvious
that H(R) = H® (R) for sufficiently large k; this follows for reasons already
described in (1.3, (2)). More precisely, the syzygies > ¢;;f; = 0 are iden-
tities between homogeneous polynomials of given degrees, and Fj, L;; have
the same degrees as f; and /;;; therefore, as soon as

(k+1)-ap = deg :):’5Jrl > max(degz&jfi),
I get the implication
ZLijFi = 0 mod :L"SH — ZLZ-jFi =0.

Notice that, for reasons mentioned in (1.3, (2)), the Hilbert schemes
of (1.7-8) are finite dimensional with no restrictions on singularities. This
contrasts with deformation theory, where for example a cone over a singular
curve already has infinite dimensional versal deformation; of course, I'm only
trading in the negatively graded portion of the deformation theory.

Actually, most of what I do in this paper will work with minor mod-
ifications for deformations in degree 0 (that is, considering algebras R or
R®) over k[A] or k[\]/(A¥+1) that are flat deformations of R and are graded
with deg A = 0). Then the convergence problem is nontrivial, but well un-
derstood: the Hilbert scheme of R is a (bounded) projective k-scheme H,
and a formal deformation R over k[A] is a formal curve in H, so can be
analytically or algebraically approximated.

Deformation obstructions and iterated linear
structure

In the remainder of this section I give a concrete description of the tower of
schemes

H— oo HO S EE-D om0 O Z

in terms of R and the R-modules 7/72 (the ‘conormal sheaf’ to R); see
Theorem 1.15. It is worth treating the 1st order case separately, although
logically it is covered by the higher order statement (1.15).

11



1.10 1st order theory
Theorem HW(R, ay) = HomE(T/TQ,R),aO.

Notes (a) The subscript refers of course to the degree —ag piece of the
graded module Hom, consisting of R-linear maps of degree —ay.

(b) If it helps at all, think of the right-hand side as the group of splittings
of
0— 2R — I/T ® xR — I/T° — 0.
where the middle term is (I, z0)/(I,20)? C k[zo, ..., 2n]/(I,z0)? split
by the lifting (1.3, (3)).

(c) For the relation with T! see (1.22) below.

Coordinate-free proof of the theorem

Write A = k[x1,...,2,] for brevity. Starting from I C A, look for vector
subspaces
IV c A® z0A
satisfying
(a) TW 4+ 204 =T @ 20 A;
(b) 2oANTW = 201N =0 @ x0T,
(¢) IM is an ideal of A ® zpA.

Subgroups IM) enjoying (a) and (b) are in bijection with maps ¢: T — R
by a standard graph argument: if 7() is given, then by (a), for all f € T there
exists f’ such that f + zof’ € IV, and by (b), f’ is uniquely determined
mod I, so f — f’ mod I defines ¢: I — R. The inverse construction is
obvious.

Finally, it’s an easy calculation to see that I(}) is an ideal if and only
if ¢ is A-linear. Graded ideals I") correspond to graded maps ¢ of degree

—ag.

1.11 Coordinate proof of (1.10)

It is useful to have a coordinate proof, both for algorithmic applications,
and to make the link with the projective resolution of 7/72 in (1.13-17). By
construction, BHM (R, ag) =

{(Ft o (0 + @otly) | Y3, Y2 (65 + w0tiy) (fi + o ) = 0 mod o},

12



since Y ¢;; fi = 0 is given, strip off this term and divide through by zo (thus
reducing degrees by ap); then the defining equation is

Db+ Ui fi =0€ Ayya,,

where s; = deg¥;. Since the second summand is an arbitrary element of 1,
the condition on {f/} is

Zeijfi/ =0€ Ry,—q, (forallj).

Now [ is the A-module generated by {f;} with relations Y ¢;;f; = 0, so
that f; — f! defines an A-linear map ¢: I — R, hence an element ¢ €
Homp(T/T°, R) _ap-

Clearly, ¢ only depends on f; € R; the equivalence relation ~ on
{(fi-t;)} € BHW (R, ag) defining HM (R, ag) ignores the ¢;; completely,
and takes account only of the classes f] € R of the f! mod I (as described
in (1.7)). It is now easy to see that there is a bijection between the 3 sets:

(1) BHO(R, ag)/~;
(2) ideals IV C k[xg, 21, . .., 2n]/(22) generated by {f; + zof!};

(3) Homgp(T/T", R) 4. QED.

1.12 Preparations for the main theorem

Higher order deformation theory studies extensions of an individual ring
R to R® and on the level of the Hilbert schemes, the morphisms
VK H®*) — HE=1 defined by the forgetful maps R*) — RKE=1),

I first indicate briefly why the higher order problem differs from the
1st. To extend the ring R to R one takes account of new terms in x%;
however, z is already involved in R™), so that $(2) is not just a coordinate in
a transverse extension of the ambient space. A picture in the simplest case
may help:

13



1.13 The extension problem in coordinates and the obstruc-
tion v

The forgetful maps R*) — R* =1 define morphisms ¢ : BH*) — BH*-1)
that take the kth order power series
fitwoff +afl + - +ab {7 and Ll +woly 4o+ abl) (1)

into their (k — 1)st order truncations

Fy= fitaofi+-+af 5D and Lij = b+aol+---+af 05 (2)

A i
Now suppose given (k — 1)st order power series F; and L;; satisfying
ZLz‘sz‘ =0 mod xf; (3)

extending these to kth order power series satisfying the same mod xSH is

clearly equivalent to fixing up the new kth order terms fi(k) and Eg-c) to satisfy

k—1
St XY Y P =0 (4)
a=1

(this has involved using (3) to kill terms not divisible by %, then dividing
through by xlg , thus lowering degrees by kayp); that is,

k—

1
PICT AR IUAEED ISP I (5)

a=1

This is a set of inhomogeneous linear equations in the new unknowns fi(k)
and 65;?). As in (1.11), the second term on the left-hand side is just an
arbitrary element of Tsj_kao, so working mod I allows me to forget it:

k—1
S = =SSO = € Ry a- (6)
a=1

(5) are of course the equations of BH®) as a scheme over BH*~Y . This
is all one needs from the point of view of practical computation: the right-
hand side of (6) is a given vector ¢ = {¢;} € P, Ry, —kao (depending in a
bilinear way on the given (k — 1)st order power series F; and L;;). Maybe
the left-hand side fails to hit ¢ at all, so there’s an obstruction to extending

14



R* =1 But if it does hit 1, the ambiguity in the choice of fi(k) is the vector

space { fi(k) } > i fi(k) =0¢ st_kao}; this space depends only on R (not

on R*~1) and is the same space as in (1.11) with ag replaced by kag. This

shows that BH®) — BH*~1 is an affine fibre bundle over its image.
Definition. Write

i BHEU(R, ag) — ED R(5))—kao

for the polynomial map defined by ¢; = — Zs;% > Eg?)fi(kfa) mod I (see
(6)).
1.14 Notation

For brevity, write A = k[z,..., xn], and let

o (myn) @A(— (&), @A (fz 7.0

be the projective resolution of I as A-module. (Recall d; = deg f; and
s; = dego;j; the twistings A(—d;) etc. are a traditional device to make the
homomorphisms graded of degree 0.)

Then Ext%(f/f, R) is the homology of the dual complex

0— @E(dl) 5—0> @E(S]) 6—1>

(the conormal complex of R = A/I), and in particular there is an exact
sequence

0 — Homp(I/T*, R) — @ R(di) > kerdy © Exth(I/T°, R) — 0.

Main theorem 1.15 (i) ¢»: BH*~D — @D R(5j)—ka, factors through a
morphism of schemes W: HFD(R, ag) — @ R(sj)_ray (the target is
a finite dimensional vector space viewed as an affine variety).

(i) U: HED(R, ag) — ker 81 C @ R(5;)—kao-
Therefore, the middle square in the diagram

HF) (R, ag) Pk H(kfl)(R ao)
! Y
0 — Homp(T/T°, R) oy — D R(di)—kay - (ker61)_gag
T Exto(T/T, R)—pay — 0

15



is Cartesian.

In other words, the morphism pi: H®) (R, ag) — H* D (R, ag) has the
following structure: its image im py. is the scheme-theoretic fibre over 0 of
the morphism o W: H*D(R, ag) — Extlﬁ(f/TQ,E)_kao ; so o W(RKE)
is the obstruction to extending R*~1) to kth order. And ¢y : H®) (R, ag) —
im ¢ € HED(R, ag) is a fibre bundle (in the Zariski topology), with fibre
an affine space over HomE(T/TQ,E)_;mO.

Given (i) and (ii), the Cartesian square just restates equations (6): a
point R*®) € H®)(R, ag) over R#—Y is {fi(k) € R(d; — kag)} which maps to
U(R*-1) on taking Z&jfi(k), that is, under d.

This can only exist if ¥(R*~1) is a boundary, so maps to 0 in Ext!.
Thus the image of H®)(R,a9) — H* (R, ag) is the fibre over 0 of the
composite morphism 7 o U: H*=D(R, ag) — ker§; — EX‘L%(T/TZ,E) given
by the homology class of v; its fibres (when nonempty) are affine spaces
under

{1 e R(d;i — kao) | Y i1 = 0} = ker 6y = Hom:(T/T", R)_pay -

So the only points to prove are (i) and (ii). I first give set-theoretic
proofs, working with a (k — 1)st order infinitesimal extension ring R*~1 ¢
H®*=1(R, ag) defined over the base field k (sorry about the notation clash),
and choosing a lift to {F}, L;;} € BH*"D(R, qaq). In fact the same proof
works scheme-theoretically; the necessary technicalities are not hard, but
are left to (1.20) to allow the reader to skip them.

1.16 Proof of (i)

This is similar to the proof of (1.11). Suppose that (F;, L;;) and ('F;, 'Lij)
are two choices of coordinates for R*~1 with {Fi, 'F; € Igffl)} and

> LijFi and > (Ly)(F) = 0 mod xf.
Then the difference
> LiiFi =Y (Lij)(Fi) € af 0 1% = afT.
Since t; is just minus the coefficient of & in 3" L;; F; reduced mod I, this

proves that it depends only on I*=1D or R*=1) ¢ H*-1(R, ag), so ¥ is
well defined.
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1.17 Proof of (ii)

I introduce notation for the 2nd syzygies involved in d;. These form the
next term in the projective resolution of I in (1.14), and are identities of the

form
JY Z m]‘&'j =0
J

holding between the 1st syzygies ). f;;fi = 0. Suppose that p, = (m;y)
is a generating set. Then as mentioned in (1.3, (4)), these identities lift to
identities

Y MjaLis =) (mjn +womf, + -+ fv’é’lmﬁ*l})
; -

J

X (i + -+ x’gflfg?*l)) = 0 mod z§

k—1)

between the 1st syzygies for R( Now hold on tight, please: write A,

for the xf§ term in

> (M Z LijF;) = > (Z MjaLij Fy).

J { J

I'm going to calculate A, on the two sides. Working on the left, since
> LijF; = —wjxlg mod a:ISH and Mj,, = mj, mod xg, the coefficient of xlg
is A, = —Zj mjn®j. On the right, since Zj M;nL;; = 0 mod xlg, I can
pick out the leading term and write

} : — k k+1,
MjnLZ‘j = Hm-xo mod Ty s
J

then since F; = f; mod xo, it follows that A, = >, 0pifi € I. Now I've
won: d1 is the map given on @ R(s;)_q, by the matrix (m;,), and I've just
proved that each coefficient

A, = — ijn¢j = Zemfz =0€R. QED
7 7

1.18 Normal structure to R%*~ 1 and obstruction calculus

It is interesting to give an alternative coordinate-free treatment of what
Theorem 1.15 means for a given ring R~ (that is, a given k-valued point
of H(*-1),
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Same result kth order extensions R*) of a given (k—1)st order extension
ring R*~1 are in bijection with splittings of a certain ‘normal’ sequence

O—>$§R—>N—>7/72—>O (%)

of graded R-modules deduced from R*~1).
Compare with (1.10, Note b). This gives the obstruction ¢ (R* 1) ¢

Extlﬁ(T/TQ,R),/mO to the existence of an extension, and if it vanishes, the

set of extensions is an affine space under Homﬁ(f/fz, R),;mo.

1.19 Proof. Step 1 (notation and set-up)
I start from the ideal
J=T%D c Alzo)/(zf) = A 20A® - ®ab 1A

defining R*~1 (so satisfying J Naf A = 2f~'J = 2E7'T). Introduce
subgroups

L=T+(x0) new CM=J@zkAc AD20Ad - @ afA.

Here M is the inverse of J under Afzg]/(zE*!) — Afzo]/(xf), hence an
ideal. For L, note that the old multiplication by z¢ in A[zo]/(zk) does not
correspond to multiplication in Afzo]/(zht1); also, J = JB0 C Alzo]/(z5 1)
is not an ideal (I'm paying here for the abuse of notation (1.3, (3))). So I'm
defining L (a priori only a subgroup) by

L:T'J+$0'newj;

the first summand is I - J @ 0, and in the second, the operation zg-pew just
shifts down the terms

Fraof +-+ab D e g aof +adf + -+ abf®
without killing anything off.

Step 2 (definition of the R-module N)

(i) L is an ideal of Afzo]/(xE™); (ii) multiplication by o and T both take
M into L. Therefore the quotient N = M /L is an R-module.
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Proof (i) Elements of A multiply each summand of L to itself, and z
multiplies the first summand into the second, so OK. (ii) Similarly, z¢ and
I both multiply the first summand J @ 0 of M to L; the second summand
xlgA gets killed by z¢ and multiplied into zg -new J by I, because I = J mod
ZQ-

Step 3 (exact sequence (x))

(1) 2§ AN L = 2fI; (il) 2k A+ L = (IJ + 20J) ® 2§A C J @ x5 A. Therefore
the module N defined in Step 2 fits into the exact sequence

O—>x§§—>N—>7/72—>O (%)

of graded R-modules, induced by the split sequence x](‘jA — M — J in the
definition of M.

Proof (i) Since zfANTJ = 0, this is clear:
xISA N Zo new J = xo(a:gflA nJ)= azfﬁ.
(ii) Adding xlgA kills the difference between -new and -g1q, SO
L+ xISA =1J + 20 new J + a:'gA =(1J+z0J)) @ x’SA.
The terms of the exact sequence follow because x§A/x5] = 2§ R and
(J &2k AY{(TJT + 20]) ® 2k A} = J/(TJ + 20J) = T/T.
Step 4 (graph argument as in (1.10))
Starting from
J=TI%V c Alz]/(zb) =A@ z0A® - @ 2E14,
look for subgroups
J=T® c M=J®zkAc Alz)/(zE) =A@ xd® - @ kA,
satisfying
(a) J' +akA=J@akAa;

(b) skANJ = 2kT,
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(c) J'is an ideal of A® 1gA @ --- @ zEA.

As in (1.10), subgroups J' for which (a) and (b) hold correspond bi-
jectively with maps ¢: J — R. For if J' is given, then by (a), for all
F = f+xof'+-- ~+a:’5_1f(k_1) € J there exists f*) such that F+x’5f(k) e,
and by (b), ) is uniquely determined mod I, so F — f%*) mod T defines
p: J — R. The map ¢ is not quite what I want to express that J' is an
ideal. Try instead the following;:

®:J - (J@®azfA)/)L=N by F— &F)=F+zff® mod L.

After passing to quotients as in Step 3, any map of this form (with first
component F) obviously splits (x) as a sequence of vector spaces; also, by
Step 3, (i), knowing f*) mod T is equivalent to ®(F) = F + ac’éf(k’) mod L,
so that maps @ also correspond bijectively with subspaces J' satisfying (a)

and (b).

Step 5

J' is an ideal if and only if ® is A[zo]/(zf)-linear.

It is trivial to check that ® is A-linear if and only if AJ' C J’, so the
point is to deal with the multiplications (old and new) by zg. It’s easy to
check in turn that the following 3 conditions are equivalent:

(I) J' is closed under multiplication by zo;
(1) faof +adf'+ - +akf® e J = wof+adf'+---+abfED e g,
() F=f4aof +--+af 1 f*D ¢ J = ®(zoF) = 0.

Since ®: J — (M @ zfA)/L is Alxo)/(xk)-linear if and only if the induced
splitting J/(IJ + xoJ) = f/fz — N is R-linear, this completes the proof of
(1.13). Q.E.D.
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Technical appendix

1.20 Scheme-theoretic proof of (1.15)
Required to prove that all the maps in

BH(kfl)

!
w1 \

!
ker &1 C @R(Sj)—kao

are morphisms of schemes. The proof given in (1.16-17) is inadequate be-
cause it deals only with k-valued points of BH*~1) and H*-D.

Thus the point is just to use the proper definition of the Hilbert scheme
H*~1 as the functor of ideals extending I. More precisely, this is the functor
on k-algebras S

S+ {S-submodules J*~Y C S[zy, ..., z,]/(zf) s.t. (a-c) hold},

where (a) JE D 4 (20) =T-S[z1, . .., 2] ®(z0); (b) (20)NJ*D = zgJ k1),
and (c¢) J*1 is an ideal, that is, 2;J*~1) < J* =1 for each i. Since
these conditions are locally closed, H* -1 is a representable functor, natu-
rally represented by a subscheme of the Grassmannian of linear subspaces
of (k[xo, ... ,:cn]/(xlg))<d for some large d.

There is a universal sheaf of ideals J*~Y C Oyu—y)[z0, . . ., zn]/(xE) over
H®*-1) defined by tautological Grassmannian considerations, and the proof
of (1.15) just consists of applying the arguments of (1.16-17) to the stalks of
J* =D That is, let P € H*1 be a scheme-theoretic point, S = OH("'*U,P
its local ring and J*~D C S[xo, . .., x,]/(zF) the stalk of J*~Y; then, taking
F; to be elements of S|z, ...,x,]/(xk) generating J*#~1) and similarly for
Lij, Mj, etc., the arguments of (1.16-17) go through without modification.

1.21 The obstruction as a cup product

The fact that the obstruction to extending R*~Y is bilinear in the coordi-
nates F; and L;; (see (1.13)) has a highbrow interpretations (see [Illusiel,

21



(1.7, iii)]). Consider the diagram

R(k—1) - ?
T T
Klzol/(26) «  Klwo]/(5")
T

The {L;;} can be interpreted as a normal or ‘Kodaira—Spencer’ class of
R¥=1 over k[xo]/(zf). The kernel of k[zo]/(zht) — klzo]/(xf) is the 1-
dimensional vector space V = <:c’8>; since multiplication by xlg is nonzero,
this extension has a nonzero class, which pulls back to R*~1) as multiplica-
tion by the F;. The obstruction can be thought of as a cup product of these
two classes.

1.22 Coordinate changes, T' and moduli space of extensions

The Hilbert schemes H(R, ag) and H*) (R, ag) contain every extension of R,
but in a redundant way. One can define the moduli space of extensions, and
compute it as H or H®) divided out by an equivalence relation given by
coordinate changes of the form

Ty — T+ apzg with  degap = ap — ap.
Thus the answer to the 1st order extension problem for smooth C' C P!
is
T!, = {2C extending C} = coker{HO(Tpnfl(—l)) — HO(NPHA‘C(—l))}.

Here HO(N]Pm—l‘C(—l)> = H® is the set of subschemes 2C' C P" extending
C' in a fixed coordinate system (xg, x1,...,Z,). Passing to the cokernel con-
sists exactly of dividing out by H?(Tpn-1(—1)), corresponding to coordinate
changes xj, — x5, + apxo fixing P,
Quite generally, for 1st order extensions, these coordinate changes have
the effect
Ofi

oxy,

fie i+ an
)

where deg a, = ap — ag; thus in the deformation theory of a hypersurface
singularity V(f), the f’ can be chosen arbitrarily, so that the Hilbert scheme
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H® is just one graded piece of a polynomial ring, and T' is one graded
piece of the quotient by the Jacobian ideal (0f/0xp). The Jacobian matrix
J(0f;/Oxy) plays a similar role for complete intersection singularities.

Dividing out by the coordinate changes is not essential for most theoret-
ical purposes: the redundant information contained in the Hilbert scheme
does not affect questions such as the connectedness, irreducibility or uni-
rationality of the set of extensions, or obstructions, or forcing into determi-
nantal form. That is why this section has mainly concentrated on Hilbert
schemes.

However, in practical (hand or machine) calculations it’s often essential
to use coordinate changes of this form to cut down the large number of free
parameters I have to carry around. Thus in calculations I usually work with
T! moduli schemes of deformations. See (2.4), (5.13) and (6.3, Step 1) for
practical illustrations.

In intrinsic terms, T}(R) = Extlﬁ(Qlﬁ, R); the reader versed in these
matters will know that in the derived category there is no essential difference

between working with this group or with HomE(T/TQ, R).

1.23 Abstract versus projective extensions

There is a corresponding ‘abstract’ extension problem, in which C is not
thought of in an ambient projective space, but an ample normal bundle O(1)
is fixed; for example, assuming that C' is nonsingular, the set parametrising
the abstract extensions C' C 2C such that ker{Osc — O¢c} = Oc(—-1) is
the whole of H!(T¢(—1)), by analogy with Kodaira—Spencer deformation
theory. In this context the graded piece T!, is recovered as the set of
abstract extensions C' C 2C, together with a lift #; € H°(Oac(1)) of each
x; € H(Oc(1)). Thus T, maps to H!(T¢(—1)), with image consisting of
abstract extensions that satisfy an infinitesimal analogue of linear normality.

1.24 The unobstructed case

The ideal case of the extension problem is when every R*) has an automatic
extension to higher order; then

H(R, ag) = EB]HI (R, kay).
k>0

The trivial case of this is a hypersurface: if R is k[z1,...,2,]/(f4) then its
extensions are given by

Fy(x0,. . 2n) = fa+Tofa1 + - +xffap+- -
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where the bits xlg fa—r added in at the kth order are chosen freely from a
vector space. A less trivial case is provided by the (as yet informal) notion
of a flexible format (see (5.6)): let me say (vaguely) that a format ® is a way
of writing down relations for a ring depending on parameters, (the entries
of ®). The example to bear in mind is a generic determinantal. Make the
following assumptions:

(i)

(i)

Flexibility. R is given by relations in format ®, and the format is
flexible, in the sense that varying freely the entries of ® (in a small
neighbourhood) leads to flat deformations of R; in determinantal cases
this may come about because the syzygies are all consequences of the
format (see for example (5.5) and (5.8)).

Completeness. Suppose that, in addition, every 1st order extension
R e HV(R, kag) of degree —kag (for each k > 0) can be written in
the same format ®; this may have to be checked by explicit 1st order
calculations (see for example the proof of Theorem 5.11 in (5.13-14)).

Then making this choice automatically lifts R, and so all the affine
fibre bundles in (1.15) can be trivialised. Thus by induction, for each k,
the relations for R#~1) can be written in the format ®, and by flexibil-
ity, they define an extension to all higher orders. The set of extensions
R®) over a fixed R#~1 is then just the vector space HV(R, kag),
and the completeness assumption is that every element of this can be
obtained by varying the kth order terms of the entries of ®. It follows
in turn that R 1 can also be written in the format ®, and so

H(R, ao) @H (R, kay).
k>0

1.25 Relation with graded versal deformations

Suppose that C, O¢(1) is a polarised variety; let P € S = Spec R(C, O¢(1))
be the affine cone over C. Since R is a graded ring, S enjoys an action of the
multiplicative group G,,. Assume for simplicity that C' is nonsingular, so
that P € S is an isolated singularity. Then by Schlessinger’s theorem [Artin,
Schlessinger| (plus Artin algebraic approximation or its analytic equivalent),
there exists a versal deformation

o — 0
m N
S



V is a finite dimensional formal scheme (or germ of a local analytic space)
with a given deformation ¥ — V such that every infinitesimal (or local
analytic) deformation of P € S over a parameter scheme T' is obtained as
the pullback of 3 by a morphism ¢yx: T — V, with the 1st derivative of px
uniquely determined by .

Pinkham [Pinkham, (2.3)] proved that V' and the versal family ¥ —
V also have G,, actions; this incidentally allows me to be a little vague
about the category in which V is defined: by the ‘graded is local’ principle
described in (1.3, (2)), the scheme V is determined by its formal completion
at the cone point 0 € V. The G,, action on V corresponds to a grading of
the tangent space T! = TV = Y, T}. An extension of C corresponds to a
graded 1-parameter deformation of P € S, hence to a formal (or analytic)
curve (Spec k[zo]) — (0 € V) with tangent vector in T!,, 2nd derivative in
T!,, etc.

In the unobstructed case, V is local analytically isomorphic to an open
ball in T!, so that the G,,-action on V can be linearised, giving a decompo-
sition of V' similar to that in (1.23), and a graded analytic curve in V' can
be constructed with arbitrary derivatives of each order.

2 Examples, comments, propaganda

In this lightweight scherzo, a transparent example is followed by a brief
description of the motivation and some speculative future applications of
the infinitesimal view; the material is taken mainly from a recent (so far
unsuccessful) research grant application.

2.1 Pinkham’s example ([Pinkham, (8.6)])

Consider the normal rational curve Cy C P* given parametrically by (s*, s3t,
s2t2, st3,t*). The homogeneous graded ring of Cy is of the form

kst s3t, s%t%, st3 ¢4 = k[zy, ..., 5] /1

where I is generated by the 6 relations

T1 T X3 T
I:rank ("} 72 73 ™4 < 1.
T2 T3 T4 I

Geometrically, if S C P® is a surface extending C' and not a cone, then S is
either a quartic scroll or the Veronese surface.
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2.2 1st order deformation calculation

To find all 1st order extensions of Cy, I must (1) write out the 6 relations
coming from the determinantal explicitly, then (2) write out all possible
1st order variation of the relations by adding arbitrary multiples of xg, and
then (3) take account of the syzygies mod x%. This is tedious but wholly
mechanical:

T3 x4 |Ri2: w23 = 96% + [ a1 + ar2x2 + 41373 + a1424 + 1575 |
—T Ri3: z124 = 223 + | a2121 + a22%2 + a23%3 + a24%4 + a2575
T1 | Ts Rog: mowa = % + | azi@1 + agowo + agzws + agama + agsTs
—x4| ®1 [Rog: xox5 = 1374 + | a4171 + A42%2 + a43T3 + A44T4 + a45T5
z3 Rsy : x3w5 = 7 + | asia1 + ase®e + as3xs + asa®s + assTs
—T2|R1a : 1175 = wowy + | ag171 + a2T2 + ae3T3 + A64T4 + 6575 |

2.3

The only syzygies I require are the 3 written out in columns on the left.
I work out the effects of the first syzygy slowly before dumping the whole
calculation before the reader.

Thus the first syzygy gives

0 =x3R12 — x2R13 + 11 Ros
= x3(—x123 + 23) — To(—2124 + Tow3) + 71 (—T214 + 23)
+ [a11$1$3 + a122223 + a13$§ + 0142324 + A1523T5
— A91T1T2 — A20T5 — A3T2T3 — A24T2T4 — A25THT

+ agle + 322122 + A33T1L3 + A34T1L4 + A35T1T5 | Lg-

The terms on the first line all cancel out (the syzygy for R), and cancelling
xo and using the relations in R gives the following equality in R:

0 = az12% + (—ag1 + aze)r122 + (a11 — ag + asz)r1w3
+ (a12 — a3 + aza)wows + (a13 — ag4 + ass)xra2xs

+ (@14 — ag5)x324 + A1523T5.
Since the 9 monomials

2 2
Xy, T1T2, X1x3, T2X3, T2T4, X3T4, T3T5, T4T5, Ty
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form a basis of Ry = HY(P!,0(8)), I can equate coefficients; thus the 3
syzygies imply

I. a31 =0, a2 =az, a1 —ax+azz=0,
a1z — az3 +asg = 0,
a5 =0, a1s =agzs, a13— axy +azs =0;

II. a3 =0, azs=ass, a33— aaa+ass =0,
azz — a43 + ass = 0,
as1 =0, a41 = ase, a3z — as2 +as3 = 0;

II1. asq1 =0, a4 =ae1, a3 = ae2, a1 + aga — ag3 = 0,
a4 =0, a5 =0, a13 = ag5, a12 + ass — ags = 0.

2.4

At this stage I also want to make a normalisation as described in (1.22),
using a transformation of the form z; — 1 4+ Az to arrange a13 = 0, and
similarly with xo,..., x5 to get az4 = as3 = ass = asz = 0.

Having done this, the result of the 1st order deformation calculation can
be written in human-readable form (well, almost!). I write it down here
together with the set-up for the 2nd order calculation:

2 - -

123 = x5 + |ax1 + bz + [
T1T4 = ToT3 + ary + bxs + | o
T1T5 = XToT4 + fro + (a+g):173 + bry . + | a3 22
ToXs = T3Tg + fxs  + gxy O 4 ay| ™0
T35 = ] + Jra + grs + |as
ToTy = .%% + 0 + | &6

Here (a, b, f, g) are free parameters, coordinates on the 4-dimensional vector
space

T, = coker{ H®(Tps(—1)) — H(Npsjo(—1)) }.
2.5 The 2nd order calculation

Using the same 3 syzygies gives

I. o =0, as =ab, ag=—a?,
II. 044:fg, Ck5:0, aﬁz_gzv
I1I. as=—af, a1=0, az=(a+g)a+fb, (a+g)b=0.
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The conclusion: the 1st order deformation with coordinates (a,b, f,g)
admits an extension to 2nd order if and only if

(a+g)f=(a+gb=(a+tg)la—g)=0;

and the 2nd order extension is unique if it exists. That is, the locus of
T!(R) corresponding to genuine extensions of R is the union of the 3-plane
(a+g) =0 and the line f =b=a— g =0:

f:b:a—g:o

a+g=20

2.6 Determinantal interpretations

It is not hard to see that if a = —g then the 6 relations can be recast in the
determinantal form
rank T T2 r3+axg x4+ fro <1
r9 + brg x3— axg Ty s

That is, the original 2 x 4 matrix had special or nongeneric entries ajo =
as1 = T2, A13 = G92 = T3 and aj4 = a3 = x4, and the extension is obtained
by allowing these to become general linear forms in 6 variables. These are
of course the equations defining a quartic scroll in P5.

On the other hand, if b = f = 0 and a = ¢ then the 6 relations can be
written in the form

T T2 T3 + axg
rank T2 3 — axg x4 <1
T3 + axg T4 Ts5

That is, the original 6 relations can be recast in the alternative symmetric
determinantal form

r1 T2 X3
rank | zo x3 x4 | <1.
Tr3 T4 X5

As a symmetric determinantal, this is nongeneric only in the ‘persymmetric’
coincidence aj3 = a2 = w3, and the given extension is the least I can do
to cure this. When a # 0, the determinantal equations are of course the
equations of the Veronese surface in P°.
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2.7 The chicken or the egg?

Since the answer here (and also in more substantial cases, for example §5)
is expressed in terms of determinantal formats, it’s tempting to think that
the calculations can also. I believe that this view is mistaken, and that
the deformation calculation is more fundamental: starting from one of the
determinantal formats (as in (2.1)), my experience is that it’s not possible
to predict the other without carrying out what is in effect a deformation
calculation (maybe only in part or in guessed form). In fact, my guess is
that in some sense the determinantal format can be seen as arising from
an elimination of deformation variables. A ring in determinantal format
somehow managing to squeeze out of its straight-jacket under a deformation
is an extremely delicate and interesting phenomenon; a similar example
provides the main theme of §5, and I believe that there are many other
substantial cases in this area of commutative algebra and algebraic geometry.

2.8

The rest of this section discusses briefly some of the motivation behind my
study of the extension problem. As a method, the infinitesimal view has
so far only led to convincing results in a small number of cases: the case
of numerical quintics treated by Ed Griffin [Griffin2] (worked out in detail
in §5), and Dicks” work [Dicks] on canonical rings of surfaces with p, = 3,
K? = 4 (another class studied by Horikawa). The idea in either case is that
both the geometry and algebra of an individual surface and properties of
its moduli space can be treated by viewing the surface as an extension of a
general curve C € |K|. Up to now, the computations have been considered
to be very hard and long; one reason for the material of §1 is to express
these (in so far as possible) as mechanical algorithms.

When we have these computations mechanised, I believe that there will
turn out to be dozens of examples where the infinitesimal view can be used
to study curves, surfaces, 3-folds and singularities and their moduli spaces.
In many cases the defining relations of the graded ring fit into specific for-
mats (for example, involving determinantals), so they give rise to interesting
examples in commutative algebra.

2.9 Mumford’s dream

A program advanced by D. Mumford (his problem to the Montreal NATO
summer school in 1980) says that questions on the existence of surfaces
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or the number of components of their moduli space are ‘in principle’ solv-
able by computer; roughly, the idea is to define a graded ring by writing
down relations (in terms of some chosen generators) as polynomials with
indeterminate coefficients, and then to find the subvariety of the set of in-
determinates where the graded ring has the required properties. Mumford
actually proposed to use this to study surfaces with p; = 0, K 2 = 9. How-
ever, I doubt if Mumford’s program can be implemented on computers in
the foreseeable future (even in simple key cases).

My point is that when detailed information about an ample divisor of
the variety under study is available, it is reasonable to study it as an exten-
sion problem. This may lead to less intractable problems; the situation is
analogous to replacing a general algebraic group by a nilpotent one — it’s not
far-fetched to see the iterated linear structure of (1.13) as a kind of nilpotent
phenomenon.

2.10 Godeaux surfaces

Surfaces of general type have been the starting point for all of my work in
the classification of varieties over the last 13 or 14 years. There is a paradox
here, because although the subject as a whole has seen spectacular progress
in many directions, some of the basic problems from which I started off seem
just as hard now as ever.

A Godeauz surface is a minimal surface X of general type with p, = 0,
K? = 1. These are the smallest possible values of the numerical invari-
ants; the torsion subgroup (Pic X )ros = Torsion X = 7r£flg (X) of a Godeaux
surface is one of Z/5, Z/4, Z/3, Z/2 or 0, and the surfaces in the first 3
cases are well understood (at least by me) [Reidl]. Godeaux surfaces with
Torsion = Z/2 has been the single most important motivating case for me,
and I have put an enormous amount of effort into computing their canonical
rings since 1977, before I knew of the link with deformation theory; the ring
restricted to the unique curve C' € |K + o| has a nice hyperelliptic descrip-
tion as in Theorem 4.6. The calculation of the ring of the surface itself by
the infinitesimal view is a key test of my ideas (see (6.5)), and was originally
intended as §6 (grosse Fuge) of this paper, but I am reluctantly obliged to
leave it to a future occasion.

A Godeaux surface with Torsion = 0 was constructed by R. Barlow in
her 1982 Ph.D. thesis (see [Barlow1-2]), and is at present the only known
simply connected surface of general type with p, = 0; this has recently been
the subject of interest on the part of differential geometers [Kotschik]. The
following question is a distant aim.
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Question. Is the moduli space of Godeaux surfaces with Torsion = 0
irreducible?

Under certain genericity assumptions, I have a concrete (but fairly com-
plicated) geometric description of the graded ring R(C) = R(C, Kx|¢) asso-
ciated with a general 2-canonical curve C' C X in terms of liaisons, involving
an elliptic curve £ C P and a 3-torsion point of E. The ring R(C) can then
be written out in terms of generators, relations and syzygies, and the canon-
ical ring R(X) studied by feeding R(C) into the extension methods of §1.
Already R(C) is a very big calculation.

2.11 Remark on 4-manifolds

The current view in 4-dimensional topology is that on the one hand, ho-
motopy theory, surgery and Freedman’s work reduces the classification of
simply connected 4-manifolds up to homeomorphism to the intersection form
on H?(M,Z); on the other hand, by Donaldson’s work, their classification
up to diffeomorphism is intimately related to the complex geometry of al-
gebraic surfaces. So for example, although the chain of reasoning is long,
and depends on some wild-looking conjectures arising out of Donaldson’s
work (see [Friedman and Morgan|), one now thinks of the problem of dif-
feomorphism type of simply connected 4-manifolds with intersection form
(41, —8), as being closely related to my question (2.10). It is quite amazing
that there is such a long chain of reasoning, starting at one end with topology
and differential geometry, through algebraic geometry and the commutative
algebra of complicated graded rings to computer algebra.

2.12 Speculative applications

There are many of these; to mention only rather substantial ones:

(a) The relative canonical algebra of a fibre space f: X — B of curves
of genus g over a base curve. The ultimate aim here is to decide a
conjecture of Xiao Gang on ‘Morsification’: the germ of f around a
degenerate fibre can be deformed to a neighbouring fibration having
only Morse critical points or nonsingular multiple fibres. The rings
(and the calculations) arising here are like those for canonical rings
of surfaces. For example, the genus 3 case has been studied in de-
tail by Mendes Lopes [Mendes Lopes|: computing the canonical ring
R(F, Kp) of a nonreduced fibre of F is a nilpotent extension problem
similar to §1, and the rings arising are in some cases similar to the
numerical quintics of §5.
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(b) Construct new surfaces embedded in P*, and hence new vector bundles
on P4, starting from a cleverly set up curve C' C P3; the point is that
the construction and embedding of C' can perhaps be done intrinsically
and geometrically, even though the commutative algebra of C C P3
(the monad defining the corresponding vector bundle) is certain to be
very complicated.

(c) Du Val singularities and 3-fold flip singularities. Another long term
aim is an attack on the flip singularities that play a crucial role in
Mori’s theory of minimal models of 3-folds. A flip singularity P € X
usually contains a Du Val surface singularity P € S € |-Kx| as
anticanonical divisor (the ‘general elephant’). Technically, the problem
is that already the 1st order normal data of X around S is quite
awkward to specify: since S is not a Cartier divisor, the normal sheaf
may be nontrivial on S\ P, and moreover, it may not be Sy at the
singularity.

(d) Permanence. A familiar phenomenon in projective geometry is that
features of a hyperplane section C C X often extend to X. For exam-
ple, if an ample divisor C' C X of a surface X is a hyperelliptic curve,
one may entertain certain expectations concerning the rational map
wc: X — PN: or if C is contained in a scroll C € F C P*!, then
one may hope to find a bigger scroll in P containing X, etc. (see for
example [Serranol). Similar remarks apply to permanence of features
under small deformation. In some cases the infinitesimal view allows
these questions to be treated together, and to be explained in terms
of 1st order infinitesimal extensions.

Part 11
Halfcanonical curves and the
canonical ring of a regular surface

3 The canonical ring of a regular surface

Theorem 3.1 Let X be a canonical surface (that is, the canonical model of
a surface of general type). Suppose that

(Z) pg Z 2; K2 Z 37'
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(i) ¢ =0; and
(11i) X has an irreducible canonical curve C' € |Kx]|.

Then the canonical ring R = R(X, Kx) is generated in degrees < 3 and
related in degrees < 6.

Standard convention

When R is generated in degrees < 3, I write R = k[z;,y;,2zx]/I, with
deg(xiayj7zk> = (17273)

3.2 Counterexample (P. Francia and C. Ciliberto [Ciliberto,
§4])

On a minimal surface of general type S, define a Francia cycle to be a 2-
connected divisor F such that either KE =1 and E? = —1, or KE = 2 and
E? = 0 (think of £ as a smooth elliptic or genus 2 curve). A famous theorem
of Francia [Francia] says that, with finitely many exceptional families, 2K x
is very ample on the canonical model if and only if the minimal model S
does not contain a Francia cycle.

Without the assumption (iii), the conclusion of Theorem 3.1 fails in-
finitely often. The point is just that if the fixed part of |[Kx| contains a
Francia cycle then the multiplication map

S?Rs @ Ry - R3s — Ry

cannot be surjective. In fact ¢ i is very ample on E; however, o) cannot
be very ample on E for reasons of low degree, and the elements of R; - R3
vanish along E (by the assumption that E is fixed in |Kx]|).

Consider the double cover of the quadric cone @ C P? ramified in the
vertex and in a curve R € |Og(2m + 2n + 3)| that meets a given generator
A in a (2m + 1)-tuple tacnode and a (2n + 1)-tuple tacnode (see figure): it
is not hard to see that making a minimal resolution X leads to a elliptic
curve F on X with E? = —1; F is fixed in |Kx| because KxFE = 1 and E
passes through 2 points P; on the exceptional curves C; that are base points
of K X ’CZ

Remark 3.3 (a) The statement of the theorem in terms of the canonical
model X allows the possibility that the canonical system |Kg| of the
minimal nonsingular model S has —2-curves as fixed part; it would be
quite unpleasant to have to do the proof in this context.
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(b)

Two relative versions of the problem are also of interest. If f: X —
Y is a resolution of an isolated Gorenstein surface singularity, then
the relative canonical algebra €D f*w?}k is generated in degree < 3
(see [Laufer2, (5.2)] and compare [Lauferl, (3.2) and (3.5)]) and I
conjecture that it is related in degrees < 6. If f: X — B is a fibre
space of curves of genus g = 2 or 3 over a base curve then the relative
canonical algebra € f*w?;k is generated in degree < 3 and related in
degrees < 6 (a result due to Mendes Lopes [Mendes Lopes]); it would
be interesting to know if Laufer’s argument can be modified to prove
this for all g.

Theorem 3.1 may hold even without assumption (ii): that is, although
H°(X,2Kx) — H°(C, 2K x|c) is not surjective, it might be possible
to show that it maps ‘onto the bits that matter’, as with other ques-
tions concerning the 2-canonical map [Francia, Reider]. Also, it seems
reasonable to ask about weakening the irreducibility assumption (iii)
to C' € |Kx| 3-connected. Thus I conjecture that, with a finite num-
ber of exceptional families, the canonical ring of a surface R(X, Kx) is
generated in degrees < 3 and related in degrees < 6 if and only if the
fixed part of |Kg| on the minimal model does not contain a Francia
cycle.

Exercise. Prove that under the assumptions of (3.1), the 3-canonical
model X is projectively normal. [Hint: by (3.1), Rsq is spanned by
monomials in x;,y;, 2z, of degree 3d; if such a monomial is a product
of two monomials of degree divisible by 3 then OK. Thus zq - R5 is in
the image of S?(R3) — Rg. But if x defines an irreducible curve C,
the surjectivity of S?(R3) — Rg modulo g follows by standard use of
the free pencil trick on C']
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3.4

By the hyperplane section principle (1.2, i-ii), Theorem 3.1 will follow from
the following more precise result for curves, applied to the curve C € |Kx|
and the divisor D = Kx|c.

Theorem Let C be an irreducible Gorenstein curve of genus g > 2, and
D a Cartier divisor on C such that 2D ~ K¢; assume that C' and D are
not in the 4 exceptional cases (i-iv) below. Then the graded ring R(C, D) is
generated in degrees < 3 and related in degrees < 6.

FExceptional cases:

(i) C is hyperelliptic of genus g # 2 and h°(Oc(D)) = 0; in this case
R(C, D) is generated in degrees < 4 and related in degrees < 8.

(ii)) g =2, D = P where P is a Weierstrass point; in this case
R(C,D) = kl[z,y,z|/F, with deg(x,y,z,F)=1,2,5,10.
(i) g =3, D = gi; in this case
R(C,D) = k[x1,x2,y|/F, with deg(x1,z2,y,F)=1,1,4,8.

(iv) g = 3, C is nonhyperelliptic and h°(Oc(D)) = 0; then R(C,D) is
generated in degrees < 3, but requires one relation in degree 8 (2D =
K¢ is very ample, mapping C to a plane quartic C = Cy C P?, and
the relation in degree 8 is the defining equation of Cy).

History

Cases (ii-iv) go back in effect to Enriques; for example, Case (iv) is treated
in detail in [Catanese and Debarre].

The proof of Theorem 3.4 is a cheap adaptation of the early stages of
the famous Petri analysis [4 authors, Chap. III, §2] for the canonical ring
R(C,2D) = R(C, K¢) of a nonhyperelliptic curve C. More closely related
to the point of view of [Mumfordl] and [Fujita2], similar arguments show
that R(C, D) is generated in degrees < 3 and related in degrees < 6 for any
divisor D of degree > g + 1 on an irreducible curve C.
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3.5 Set-up for the proof of (3.4)

This section waltzes through the major case of a nonhyperelliptic curve
C; the trio section §4 covers in much more detail the relative minor case
when C' is hyperelliptic; (see (3.11) if you don’t know what it means for
an irreducible Gorenstein curve C' to be hyperelliptic). When g = 3 and C
is nonhyperelliptic then either (iv) holds, or h%(C,Oc(D)) = 1; I offer the
reader the lovely exercise of seeing that in this case, which corresponds to a
plane quartic with a bitangent line, R(C, Oc(D)) is a complete intersection
ring
R(C,D) :k[xvylay%z]/(fag) with deg(fvg) = (4’6)

Thus I suppose throughout this section that C' is nonhyperelliptic and

g > 4. Introduce vector space bases as follows:

z1,...,xz, € HY(D);
Y1, .., yy € H'(2D) = H*(K¢);
Z1,-..5%2g—2 € HO(?)D).

Write I(m,n) for the kernel of the natural map
Omn: H'(mD) @ H'(nD) — H°((m + n)D),

and
w@;mm,: HO(ED) X I(m, n) — I(f + m,n)

for the natural map.

Main lemma 3.6 (1) ¢, 2 is surjective for every m > 2;
(II) I(m +2, 2) = im wQ;m,Q + im 1/}771;2,2-

This result is similar to [Fujita2, Lemma 1.8]; the proof occupies (3.8-10)
together with a technical appendix.

3.7 Lemma 3.6 =—> Theorem 3.4

(I) implies by induction that if m = 2¢ > 2 is even, then H°(mD) is spanned
as a vector space by the set S¢(y) of monomials of degree ¢ in the y;; and if
m = 2(+1 > 3 is odd then H°(mD) is spanned as a vector space by the set
2 ® S 1(y) of monomials of the form z; times a monomial of degree £ — 1
in the y;. This obviously implies that R(C, D) is generated in degrees < 3.
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The relations in low degrees can be written

deg 2 xix; = Lij(y) (linear forms)
deg 3 zy; = Mij(2) (linear forms)
deg 4 xiz; = Nij(y) (quadratic forms)
deg 6 zizj = Pyj(y) (cubic forms).

These relations clearly allow any monomial of degree m in the x;,y;, 21 to
be expressed as a linear combination of S¢(y) if m = 2¢ or of z ® S (y) if
m =20+ 1.

For the relations, suppose that Fy, : fo(z,y,2) = 0 € Ry, is a polynomial
relation of degree m between the generators x,y, z of R(C, D). I must show
that F), is a linear combination of products

(monomial) x (relation in degree < 6).

Any term occuring in F;,, can be expressed as a linear combination of mono-
mials S*(y) or z® S~(y) by using products of the relations just tabulated.
Therefore I need only deal with linear dependence relations between these
monomials in R, (for m > 7).

By just separating off one g; in each monomial in an arbitrary way, a
linear combination of these monomials in R,, can be written as the image
of an element £ € R,,_2 ® Rs; to say that it vanishes in R,, means that
€ € I(m—2,2). But then Lemma 3.6, (II) says that

§ € im 7vDQ;m—4:,2 + im wm—4;272-

This means that the relation in degree m corresponding to £ is a sum of
relations in degrees m — 2 and 4 multiplied up into degree m. By induction,
the result follows. Q.E.D.

3.8 Proof of (3.6, I), and notation

Let A = P3+---+ P, be a divisor on C made up of g — 2 general points.
Since C' is nonhyperelliptic, K¢ is birational, so that |2D — A| = |K¢c — A is
a free pencil (by general position [4 authors, p. 109]); hence the free pencil
trick gives the exact sequence

0— H°((m—-2)D+ A)— H°(2D — A) @ H*(mD) — H'((m + 2)D — A)
m =2 1 2xg 2g—1
m=>3  (m=2)(g-1)-1 2x (m—-1)(g-1) m(g—1) +1;
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the indicated dimension count shows that the right-hand arrow
H°(2D — A) ® H'(mD) — H°((m 4 2)D — A) — 0

is surjective.
Let t,,, € HY(mD) be an element not vanishing at any of Ps, ..., P, and,
as in the Petri analysis, choose the basis y1,...,y, of H°(K() such that

y1,y2 bases H'(2D — A), and yi(Pj) = ;5 fori,j =3,...,9
(Kronecker delta). Then by the free pencil trick,
H°((m +2)D — A) = H(mD)ys & H°(mD)ys,
and, obviously, ¢,,y; for i = 3,..., g form a complementary basis of H°((m+
2)D). This proves (3.6, I).
Similarly,
H°((m +4)D — A) = H°((m +2)D)y1 + H"((m +2) D)ys
and t,,,0y; for i = 3,...,g is a complementary basis of H((m + 4)D).
3.9
As u runs through H(mD + A), the relations
p(u) = uy1 @ ya —uya @ y1 € I(m +2,2)
express the fact that
H°((m+2)D)y1NH((m+2)D)ys = H*(mD+A)y1y2 C H((m+4)D— A),

which is part of the free pencil trick. The key to (3.6, II) is to prove that
for m > 3,
p(u) € im g, o for all u € H'(mD + A);

since £ ® p(v) = p(€v) for € € HY(2D) and v € H°((m — 2)D + A), this
follows trivially from the claim:
Claim.

H°(2D) ® H((m —2)D + A) — H(mD + A) — 0

is surjective.
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3.10 Proof of (3.6, II)

Claim 3.9 is proved in (3.15), and I first polish off (3.6, II) assuming it.
Suppose that m > 3.

Step 1 The subspace {p(u)} = p(H°(mD + A)) is the kernel of
H°((m+2)D) ® H°(2D — A) — H°((m +4)D — A) ¢ H’((m + 4)D),
and the t,,y; ® y; map to a complementary basis. Therefore, a subset
S cI(m+2,2) =ker{H((m+2)D) ® H°(2D) — H°((m + 4)D)}
will span I(m + 2,2) as a k-vector space provided that
(i) S contains the p(u); and
(ii) S spans a subspace complementary to
H((m+2)D) @ H°(2D — A) @ Y k- tmyi ® y;,
in other words, any 7 € H°((m + 2)D) ® H°(2D) can be written
n=7"ns+mp-a+tn (%)
where nop_a € H((m + 2)D) ® H°(2D — A) and ng, n; are linear

combinations of S and of the t,,y; ® y; respectively.

Step 2 Now set S = im,, 2 + imeYpy02. By (3.9), imo,, 2 contains
p(u) for v € H°(mD + A). Therefore, it is enough to verify (x) for any
n € H((m+2)D) ® H°(2D).

Break up HO((m + 2)D) ® H(2D) as a direct sum of the following 4
pieces:

Vi = H(m+2)D)® H°(2D — A);
Vo= H((m+2)D - A)® Y k- y;
Vi = Zk-tm+2y¢®y]~ summed over 4,7 = 3,...,g with ¢ # 7;
W:Zk~tm+2yi®yi fori=3,...,9.
For Vi and Vj there’s not much to prove. Also since

H°((m +2)D — A) = H*(mD)y: + H®(mD)ys
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and R(2,2) contains y1 @ y; —y; @y1 and ya @ y; — y; @ y2 for i = 3,..., g,
it follows that Vo C Vi +im4,.2.9.
Finally, for the summand V3, note that for 7,5 =3,...,¢ and i # j,

yiy; € H'(4D — A) = H°(2D)y; + H°(2D)ys,
so that I(2, 2) contains the Petri relation
Yi @ Yj — Qi QY1 — b'ij & Yo with Qig, bij S HO(Kc)

Therefore also
tm+2¥i @ yj € V1 +1m P22
This completes the proof of (3.6, IT), modulo Claim 3.9.

Coda to §3. ‘General’ divisors and the proof of (3.9)

Lemma 3.11 (hyperelliptic dichotomy) Let C be an irreducible Goren-
stein curve of genus g = p,C > 2.

(i) The canonical linear system |Kc| is free;

(ii) K¢ is very ample unless ¢ is a 2-to-1 flat morphism to a normal
rational curve.

Proof (See [Catanese, 3] for a discussion of a more general problem; how-
ever, my proof of (ii) seems to be new even in the nonsingular case!).

(i) Suppose P € C is a base point of |K¢|; then h%(mp - Oc(K¢)) = g
and by RR h!(mp - Oc(K¢)) = 2, so by Serre duality the inclusion

Hom(O¢, O¢) = k C Hom(mp, O¢)

is strict. A nonconstant element of Hom(mp,O¢) is a rational function
h € k(C) such that h- mp C O¢. Since degh - mp = degmp = —1, it is
easy to see that h - mp = mg for some P # @ € C, and it follows that P
and @ are Cartier divisors on C', hence nonsingular points, and as usual h
defines a birational morphism C' — P!, necessarily an isomorphism.

(i) If px: C — P9~! is not birational then it is clearly 2-to-1 to a
normal rational curve. Suppose it is birational to a curve of degree 2g — 2.
If A= P3+ .-+ P, is a divisor on C' made up of g — 2 general points
then |Kc — Al is a free pencil by general position, and arguing as in (3.8),
SYHO(K¢)) — H°(dK¢) is surjective; thus the ring R(C, K¢) is generated
by HY(K¢). Therefore the ample divisor K¢ is very ample. Q.E.D.
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3.12

Claim 3.9 will also follow from the free pencil trick, once I prove that the
divisor A = P} + --- + P;_» made up of g — 2 general points is ‘general
enough’ for |D + A| to be free and birational.

Proposition Let C be an irreducible Gorenstein curve of genus g, and D
a divisor class such that 2D ~ K¢. Let A = P3+---+ P, be a divisor on C
made up of g — 2 general points. Then

(i) Suppose that g > 3, and that C is nonhyperelliptic if g = 3; then
h%(Oc(D)) < g—2, so that H*(C,Oc(D — A)) = 0 and h°(C, Oc(D +
A)=g-2.

(i) Suppose that g > 4, and that C is nonhyperelliptic if g = 4; then
|D + Al is free; it’s a free pencil if g=4.

(iii) Suppose that g > 5, and that C' is nonhyperelliptic if g = 5; then ppya
1s birational.

3.13 Proof of (3.12, ii)

It’s enough to prove Hom(mp, Oc(D — A))=0 for every P € C, since then
by duality and RR,

W(mp - Oc(D + A)) = g —3 < h’(Oc(D + A)) = g - 2,

and |D + A| is free.

Case H’(D) =0 Then h°(mp - Oc(D)) = 0 for every P € C, so by RR,
ht(mp - Oc(D)) = 1. By Serre duality,

dim Hom(mp,Oc(D)) =1
for every P € C; hence there is just a 1-dimensional family of effective
divisors A (of any degree) with Hom(mp, Oc(D — A)) = 0 for any P. Since

A varies in a family of dimension g — 2 > 2, it can be chosen to avoid this
set.
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Case H(D) # 0 By RR and duality, the inclusion
H°(O¢(D)) € Hom(mp, Oc(D))

is strict only for P in the base locus of |D|; therefore I can assume that
the general divisor A imposes linearly independent conditions on each of the
vector spaces Hom(mp, Oc (D)) (there are in effect only finitely many of
them). So if Hom(mp, Oc(D — A)) # 0 for P € C' then

dim Hom(mp,Oc (D)) > g — 1.
Using RR and duality as usual, this is the same as
ho(mp - Oc(D)) > g — 2.

This contradicts (a singular analogue of) Clifford’s theorem: by the linear-
bilinear trick, the map

S*H’(mp - Oc(D)) — H(mp - Oc(Kc))

has rank > 2h° — 1 (with equality if and only if the image of C under the
rational map defined by H(mp - Oc(D)) is a normal rational curve), so

g > h'(mp - Oc(Kc)) +1 2 20" (mp - Oc(D)) = 2(g - 2),
that is, g < 4 and C is hyperelliptic in case of equality. This contradiction
proves (ii). The reader can do (i) as an exercise in the same vein.
3.14 Proof of (3.12, iii)

This is very similar: I prove that there exists a nonsingular point ¢ such
that Hom(mp, Oc(D + Q — A)) = 0 for every P € C; as before, RR and
duality imply that

R (mp - Oc(D + A —Q)) = h°(Oc(D + A)) — 2,
so that ¢ppy 4 is an isomorphism near Q).
Case h'(D) <1 Then h%(D + Q) = 1 for a general point @, and fixing
such a point, RR and duality imply that
dimHom(mp,Oc(D + Q)) =2

for every P € (; therefore the family of effective divisors A such that
Hom(mp,Oc(D + Q — A)) # 0 for any P has dimension 2, and as A varies
in a family of dimension g — 2 > 3, I can choose it to avoid this.
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Case hY(D) > 2 1 pick a general Q, so that h°(D + Q) = h%(D); then, as
before, the inclusion

H%(Oc¢(D + Q)) € Hom(mp, Oc(D + Q))

is strict only for P a base point of |D + @|; so that there are only finitely
many distinct vector spaces Hom(mp, Oc(D + @)), and I can assume that
the general divisor A imposes linearly independent conditions on each of
them. Thus Hom(mp,Oc(D + Q — A)) # 0 implies

dim Hom(mp, Oc(D+Q)) > g—1, thatis, h%(mp-Oc(D+Q)) > g—2.
As before, the linear-bilinear trick gives
rank{S*H"(mp - Oc(D + Q)) — H’(m} - Oc(Kc +2Q))}
> 2h%(mp - Oc(D + Q)) — 1.
Now | K¢ + 2Q)] is free and H*(O¢(K¢c +2Q)) = g + 1, so
g+1>n0°(mp - Oc(Kc +2Q)) + 1> 2h°(mp - Oc(D + Q)) > 2(g — 2);

that is, ¢ < 5 and C' is hyperelliptic in case of equality. Q.E.D.

3.15 Proof of Claim 3.9

(D 4+ A) = g — 2. If g > 5 then ppy 4 is birational, so that I can choose
a divisor B = Q1 + --- + Q4—4 made up of general points, and sections
s;i € HY(D + A) such that s;(Q;) = d;;. Then using the free pencil trick in
the usual way shows that

H°(2D)® H'(D+ A— B) — H°(3D + A — B)

is surjective; if t € H°(2D) doesn’t vanish at Q1,..., Q4 then s;t for i =
1,...,9 — 4 is a complementary basis of HY(3D + A). The statement for
m > 4 is an easy exercise using the same method. Q.E.D.

4 Graded rings on hyperelliptic curves

4.1 Notation, introduction

A nonsingular hyperelliptic curve of genus g is a 2-to-1 cover m: C' — P!
branched in 2¢g + 2 distinct points

{Qh v 7Q2g+2} C Pla
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lifting to points { P, ..., Pag2} C C (see the picture below); the P; € C are
the Weierstrass points, the points of C for which 2P; € g. If D = Y"d,;P;is a
divisor on C made up of Weierstrass points, or equivalently, invariant under
the hyperelliptic involution ¢: C — C'| I am going to describe an automatic
and painless way of writing down a vector space basis of H(C, O¢(D)), and
a presentation of the ring R(C, O¢(D)) by generators and relations.

In a nutshell, the method is the following. Fix homogeneous coordinates
on P!, or equivalently, a basis (t1,t2) € H°(P!,0(1)) = H°(C, g3). For each
t1=1,...,29+ 2, let

be the constant section. Since 2P; € g3, it follows that u? € H°(C, g3), so

that I can write
u7,2 :gi(tht?)? (*)

where /; is the linear form in ¢; and to defining the branch point Q; € P'.
Now it is more-or-less clear that any vector space of the form H°(C, O¢ (D))
has a basis consisting of monomials in the u;, and that the only relations
between these are either of a trivial monomial kind or are derived from ().

4.2 Easy preliminaries
(i) The decomposition of m,O¢ into the +1-eigensheaves of ¢ is
m.0c = Opt @ Opi(—g — 1),
and the algebra structure on m,O¢ is given by a multiplication map
f: 8%(Op1(=g — 1)) = Op1(=2g — 2) — Opr,

which is a polynomial fog42(%1,t2) vanishing at the 2g+2 branch points
Qi;
(ii) the Weierstrass points add up to a divisor in |(g + 1)g3|, that is

P+ + Pogia ~ (g + 1)gy3
(iii) locally near a branch point, m.Oc(P;) = Op1 @ Op1 (Q;) - u;.

Remark 4.3 For any partition {Pi,...,P,} U {Pat1,...,Pagya} of the
Weierstrass points into two sets,

Pit 4Pt (g+1—a)gy~Pat 14 -+ Pogyo,
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as follows from (ii) and 2P; ~ gi.

Py P, P, Py Pyyo
Coo D

Q1 Q2 Qa Pl Qat1 Q2g+2

. oo ° °

This is important in what follows (see (4.5)); it corresponds to passing be-
tween the +1-eigensheaves of

TOc(PyL+ -+ + Py + kgb).

Proof (i) is standard; one affine piece of C' is
C: (y* = fagsa(t)).
It’s easy to see that y/t97! is a rational function on C with
div(y/t"*) = Pr+ -+ Pagya — (9 +1) - 92

this proves (ii). For (iii), if ¢ is a local parameter on P! at a branch point
Q € P! and u? = t - (unit), then u is a local parameter at P € C, so 1/t
has a simple pole at @) and the —1-eigensheaf of 7,.O¢(P) is Op1 - u/t =
Op1(Q) -u. Q.E.D.

4.4 Simplest examples of graded rings
(a) Let D = gi; then H(O¢(D)) = (t1,t2), and
H°(Oc (kD)) = HY(P', Opi (k) & H° (P!, Op1 (k — g — 1));

thus for k£ < g all the sections of O¢/(kD) are in the +1-eigenspace, so
no new generators are needed, and I get the final generator

w e H(Oc((g +1)D))
in degree g + 1 satisfying w? = fog42(t1,t2). So
R(C’,g%) :k[t17t27w]/F7 with deg(tlat27w7F) = 17179+172g+27

and C' = ng+2 - P(l, 1,9+ 1).
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(b) Let D = P with P € C' a Weierstrass point; write P = Pg19 and
Py, ..., Pyyy1 for the remaining Weierstrass points, and

u: Og — Oc(P) and v: O¢g — Oc(P1 + - +P29+1)

for the two constant sections. Since u?: O¢ — Oc(2P) = Oc(93)
is the constant section, I can choose the coordinates (¢1,%2) so that
u? = t1, and ty € H°(C,Oc(2P)) is a complementary basis element.
Now

1.0c(2kP) = 1,.0¢(kgs) = Op1(k) @ Opr (k — g — 1),
and by (4.2, iii),
1.Oc((2k + 1) P) = 1.0¢c(P) ® Op1 (k) = Op1(k) © Opr(k — g),

so that monomials u’, u’~2ts, ... base H(O¢(£P)) for £ < 2g; but in
degree 2g + 1 there is a new section z in the —1-eigenspace. Under the
linear equivalence

(29+1)P"’P2g+2+9'9%NP1+"'+P2g+la

z is the constant section v: C'— Og(Py + -+ Pagy1); in more detail,
if y is chosen as in (4.2, ii) then

div(t™ /y) = (9 4+ 1)(2P) = (PL+ -+ + Payy2)
— 29+ 1)P — (P 4+ + Pyyan)

so that z = vt1g + 1/y. If f = fog11(t1,t2) is the form defining the
2g + 1 branch points in P!, then 22 = f(u?,ts), so

R(C,P) = klu,to, z]/F, with deg(u,ts,z,F)=1,2,2g+ 1,49 + 2,
and C = Cyg42 C P(1,2,2g + 1).

Remark The ring R(C,gl) of (i) can be obtained by eliminating the ele-
ments of R(C, P) of odd degree; that is, R(C,2P) = R(C, P)®). This means
replacing u by t; = u?, z by w = uz, and

F: 2% = figra by F':iw® =u?faga(u,ta) = fo,0(tr,ta).
Lemma 4.5 Let D be a divisor on C. Equivalent conditions:
(i) the divisor class of D is invariant under v, that is D ~ 1*D;
(i1) D ~ D" with D' = *D’;

(ii) D is made up of Weierstrass points, that is (after a possible renum-
bering),
D~Py 4+ P, +bga.
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Proof The implications (ii) = (iii) == (i) are trivial, so assume (i).
By adding on a large multiple of g2 if necessary, I assume that D is effective.
If o*D ~ D but ¢*D # D then |D| is a nontrivial linear system. I pick one
Weierstrass point, say P;; then the divisor class D — Pj is invariant under ¢,

and |D — P;| contains an effective divisor, so that induction on deg D proves
(ii). Q.E.D.

Remark Since D +:*D ~ (deg D) - g3 for any divisor D on a hyperelliptic
curve, a 4th equivalent condition on D is

(iv) 2D ~ (deg D) - g3.

This set of divisors includes of course all divisor classes with 2D ~ 0 or
2D ~ K¢, etc.

Useful fact: each 2-torsion divisor on a hyperelliptic curve is (up to
renumbering) of the form

Pit+Pou—a-gh~ Pogr++ Pogra— (g+1—a)- gl
Go on, check for yourself that there are 229 of these!
Theorem 4.6  (I) For an invariant divisor D = Py + -+ + P, + bgs, set
D'=Pas1+ -+ Pogya+ (a+b—g—1)g,

so that D ~ D' by Remark 4.3. Write u: C — C(Py+---+ P,) and
v:C— C(Pyy1+ -+ ng+2) for the constant sections. Then

mOc(D) = Op1(b) - u® Opi(a+b—g—1)-v
and
H°(Oc(D)) = H(Op1 (b)) - u® H*(Opr(a+b—g—1)) - v.

In other words, if I write S*(t1,t2) = {t’f,t’ffltg, ..., tEY for the set of
k+1 monomials of degree k (or 0 if k < 0) then H*(Oc(D)) has basis

Sb(tl,tg) - u, Sa+b_g_1(t1, t2) - .

(II) Write fqo(t1,t2) and gaga—a(t1,t2) for the forms defining Q1+---+Qq
and Qa1 + -+ + Qagy2 in PL. Then the graded ring R(C,Oc(D)) is
generated by monomials in R(C,Oc¢ (kD)) for suitable initial values of
k, and related by monomial relations together with relations deduced
from

U’ = fo(th,ta), V¥ = 92g+2—a(t1,t2).
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Proof of (I) m.Oc(D) has a uniquely determined Z/2 action compatible
with the inclusion O¢c — Oc(P1+- - -+ P,), and the +1-eigensheaf is clearly
Op1(b) - u. Multiplication by the rational function y/tJ™ € k(C) described
in the proof of (4.2, ii) induces an isomorphism

Oc(D) = O¢ (D),

and since y/ t*‘{“ is in the —1-eigenspace, the isomorphism interchanges the
+1-eigensheaves. This proves (I).

4.7

I will regard (II) as a principle, and not go into the long-winded general

proof, which involves introducing notation ka—L, kli for the smallest even and

odd values of k for which each eigensheaf of m,O¢ (kD) has sections, and a
division into cases according to which of these is smaller.

I now give a much more precise statement and proof of (II) in the main
case of interest. Suppose that, in the notation of Theorem 4.5,

b>0 and a+20<g+1<2a+ 3D
Note that 2D = (a + 2b) - g3, so that
mOc(2D) = O(a+2b) ® O(a+2b—g—1) - uv,

where uv: O¢ < O¢(Py + -+ + Pygi2) is the constant section. Write V=
to denote the +1-eigenspaces of a vector space on which ¢ acts; the point of
these inequalities is just to ensure that

H°(D)* = H°(O()) -u #0,
H°(2D)” = H(O(a+2b—g—1)) -uv =0, (so also H*(D)™ = 0)
H°(3D)™ = H(O(2a +3b—g —1)) -v # 0.

Notice that this case covers all effective halfcanonical divisors on a hyper-
elliptic curve of genus g > 4, for which a +2b =g — 1.

Theorem The graded ring R(C, D) is generated by the following bases:

X0, L1y, Tph :Sb t1,12 -u:tbu,tb_ltgu,...,tbue H°(D +;
1 1 2

(y(),yl, cee 7yd) = Sd(tbt?) = t(liattli_lt% oo 7tg € HO(2D)+;

(20,21, -+, 2c) = S(t1,t2) v = fv,t‘f_ltgv, o tsv € H°(3D)".
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where I set d = a4+ 2b = degD and ¢ = 2a + 3b — g — 1 for brevity. The
relations are given as follows:

To 1 .- Tp—1 Yo Y1 --- Yd-1 20 21 ... Zc—1
rank <1
r1 X9 ... Iy Y1 y2 ... Yd zZ1 22 ... Ze

(the x or z columns are omitted if b=0 or c=10). And

zix; = Figj(yo,...,ya) forall0<1i,5 <0,
zi2; = Gigj (Yo, .-, ya) for all0<i,j<c,

where
Fii;= t?bﬂ*]tgﬂfa(tl,tg) rendered as a linear form in yo, ..., Yd;
Gitj = t%c_l_]t12+Jggg+2_a (t1,t2)  rendered as a cubic form in yo,...,Yq;

Remark 4.8 (a) Notice that, as promised, the first set consists of mono-
mial relations, and the second of relations deduced from

u? = fo(ti,t), v® = gogro—alti,ta).

(b) The first set of determinantal relations rank A < 1 says simply that the
ratio (t1 : t3) defining 7: C' — P! is well defined. In fact the projective
toric variety defined by rank A < 1 is a weighted scroll, that is, a fibre
bundle ¢: F — P! with fibre the weighted projective space P(1,2,3):
in more detail, F' = Proj}(A), where A is the graded P'-algebra

A= ¢ Or(k) = Sym{ Oz ()1 © Op1 (d)2  Op1 (c)s }.

This means that the x;, y; and z; can be written simply as

(w(), v ,1'1,) = Sb(tl,tg) s u,
(Y0, - - -y ya) = S%t1,t2) - w,
(20, .-y 2c) = SC(t1,t2) - v,

where u € HY(F, Or(1)®¢*Op1 (b)) is a global basis of the summand
A1(—b) over P!, and similarly for w and v. In these terms, C C F is
the codimension 2 complete intersection of type (2,6) defined by

u? = fo(tr,to)w, v = 92g+27a(t17t2)w3-
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4.9 Proof of the theorem

By (4.5, I), I have an explicit monomial basis of each H%(nD) in terms of
t1,t2,u and v; clearly, each monomial in H%(2n.D) equals

m

either 4™ with degy™ =2n or ym/xizj with deg ym/ =2n — 4,

and similarly each monomial in H°((2n 4 1)D) equals
either y™2z; with degy™ =2n or ym/zj with degy™ = 2n — 2,

Moreover, an expression in x;, ¥;, 2, containing a quadratic term in x; or
z, can obviously be translated to these using the second set of relations
in (4.6). Now make a first choice of monomial representative of each such
monomial element: for example, ordinary alphanumeric order picks zoy1yq4
ahead of z1yoyq or xoy2y4—1 etc., which are equal to it in R(C, D); and it
is trivial to go from any 3™ or ym/xizj or y2x; or ym/zj to its first choice
representative using the monomial relations of the first set of (4.6). Q.E.D.

4.10 Singular curves and Theorem 3.1, hyperelliptic case

For a nonsingular curve, the hyperelliptic case of Theorem 3.1 is included
in (4.6). This analysis extends without difficulty to the case of a singular
irreducible hyperelliptic curve C'; for brevity I restrict myself to the main
point, which is to describe the Cartier divisors on C playing the role of the
sums of Weierstrass points P; + - - + P, in (4.4, iii). The reader may wish
to fill in the details as an extended exercise.

The branch points of the cover C — P! divide into two types:

Cusp-like points In local analytic coordinates, y?> = x?**1. At such a
point P € C there is a unique Cartier divisor P(1) = divp(y/x*) of degree 1
such that «*P(1) = P(1). This has the property that

2P(1) = divp(z) ~ g3,

If K = 0, then P(1) = P is just an ordinary Weierstrass point of C. In
general, the pullback of P(1) is just the Weierstrass point of the normalised
curve, with multiplicity 1 (since y/x* is a local parameter there), but

P(1) +igs is effective <= i > k.

The divisor Ap = P(1)+k-gs is a Cartier divisor of degree of degree 2k + 1
on C', and plays the role of 2k + 1 coincident Weierstrass points.
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Node-like points In local analytic coordinates, y? = x2*. At such a point
P € C there is a unique nonzero Cartier divisor P(0) = divp(y/z") of degree
0 such that (*P(0) = P(0). This satisfies 2P(0) = 0, and the pullback of
P(0) to the normalisation is 0 (since y/x¥ = +1 is invertible at the two
points), but

P(0) +igs is effective <= i > k.

The divisor Ap = P(0) + k- g is a Cartier divisor of degree of degree 2k on
C', and plays the role of 2k coincident Weierstrass points.

The divisors Y . Ap summed over distinct branch points P and of degree
a < g — 1 are characterised as the Cartier divisors on C invariant under
¢ and with A% = 1, in complete analogy with sums of distinct Weierstrass
points. Now by analogy with Lemma 4.4, it can be seen that any Cartier
divisor (or divisor class) on C invariant under ¢ is a sum of divisors of the
form P(1) for cusp-like P, of divisors of the form P(0) for node-like P, and
of a multiple of gi. Any effective Cartier divisor D invariant under ¢ is of

the form
D =) Ap+bg, withb>0,

summed over a subset of the branch points P, and as in Theorem 4.5, if I set
a = deg>" Ap and write >’ Ap for the complementary sum, then D ~ D’
where

/
D=3 Ap+(a+b—g—1)g.

The statement and proof of Theorems 4.5-6 now go through with only minor
changes.

Part 111
Applications

5 Numerical quintics and other stories

5.0 Preview

In this toccata section I work out in detail the deformation theory in degree
< 0 of the ring R = R(C,O¢(D)), where C is a nonsingular hyperelliptic
curve of genus 6 and D = 293 + P € %Kc; in substance, the results are due
to Horikawa [Horikawa] and Griffin [Griffin], although my treatment is novel
and quite fun.
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It turns out that the ring R admits two quite different representations
in determinantal format. Each of these is flexible, in the sense of (1.24) so
that changing freely the coefficients of the given matrix format preserves
flatness, and thus gives rise to a large family of unobstructed deformations;
in fact, I prove that in degrees < 0, deformations from either family have
codimension 1 in all 1st order deformations. These two families intersect
transversally and their union gives exactly the deformations that extend to
2nd order. (There is an amazingly close analogy with Pinkham’s example
(2.1-6).) The main results are (5.11) and (5.16).

I conclude the section (5.17) by showing how to apply this to the classi-
fication and deformation theory of numerical quintics of dimension > 2; for
surfaces, these are of course fundamental classical results of Horikawa.

5.1 The ring for C

Let C be a nonsingular hyperelliptic curve of genus 6, and D = 2g3 + P
with P = Py a Weierstrass point. By the standard hyperelliptic stuff (4.6),
R(C,O¢(D)) has generators

2 2.
T1,X2,T3 — tlu, tltgu, t2u,
5.
Yy = t27
21, 22 = t1v, tav,

where (t1,t2) is a basis of H%(g3) = HY(Opi(1)), and u: O — O(PR),
v: O%O(P1+"'+P13),SO

u?* =t and v? = fi3(t1,ta).

By (4.6), the ideal of relations is generated by 9 relations that can be written
down as two groups: the 6 relations from

2
rank A <1 where A= T2 T A ,
T2 T3 Y 22

(the vestigial symmetry a2 = ag1 = 2 of A is one crucial ingredient in
what follows) and the 3 arising from v? = fi3:

Z% = t%fl?) = gO(xlv"'ay)v
2122 = titafis = gi(x1,...,9),
Z% = t%fl?) = g2(£17--'ay)7

where deg g; = 6. Write

fis(ti, t2) = aot}® + artita + -+ + arotity? + 201351 + bot1t3? + byt
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(note the names of last 3 coefficients 2b1, ba, bs); it is easy to see that the
nonsingularity of C' implies b3 # 0. Then

go = ZL‘% -h + 2x179 - b1y2 + SL‘% . b2y2 + (IL‘%)Q . bgy,

g1 = X129 - h + ($15L'3 + 1’%) . bly2 + Troxsg - b2y2 + .CC%y . b3y,

g = a3-h + 2x9x3 - bry? +  x3-by’ 4+ y*-bay,
where

h= aoa:‘ll + ala::fxg + agxi’xg + a3.%'%5132373 + a4m%x§ + a5x%y

2 2
+agr122y + a7r123Y + agx2T3 + agr3y + a1y

More explicitly, I have the following 9 relations.

5.2 Table of all relations for R = R(C, O¢(D))

S: zmy = a3

Ty : 1y = 273;

Ty xy = x%;

Up: w2 = T2215

Us: x220 = w321;

1% x%zZ = yz1;
Wy : z% = hx% +2b1y? - w120 + boy? - a:% + b3y - :U§;
Wi 2129 = hxize +b1y? - (z123 + 23) + bay? - o3 + b3y - 23y;
Wy z% = hx% + 201y? - xoxs + boy? - a:§ + bgy - y°.

The syzygies holding between these relations are written out explicitly in
Table 5.4.

5.3 First determinantal format

The above notation has been massaged slightly to make the g; into explicit
quadratic expressions in the rows of A; that is,

(gl 92> — 140]\4'015‘/407

92 93
where
Ao = (l‘l £E2 3) and MO == b1y2 b2y2 0
2 T3 Y 0 0 by
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In other words, the final 3 relations for the z;z; can be written in the form

AM(*A) = 0,
where A is as above and M is the symmetric matrix with homogeneous
entries
4432
My O 4432
M:<O0 1> of degrees 3391
2210
5.4

The following key observation is due (in a slightly harder context) to Duncan
Dicks: the syzygies holding between the 9 relations of Table 5.2 are all
consequences of the determinantal format.

Proposition The following are 16 syzygies between the relations S, T, ...,
V of Table 5.2; they generate the module of all syzygies. Moreover, they can
be deduced from the determinantal format.

Table of syzygies for R = R(C,O¢(D))

First set:
1Ty — 2217 + x%S =0 T —xsTy+yS = 0
21Uy — 25U +215 = 0 29Uy — x3U1 +2205 = 0
3:1V—x§U1 +z177 = 0 oV —yUr+ 217 = 0
zoV — x%Ug +21Ty = 0 3V —yUs + 25T = 0
Second set:
2oWo — oWy = —(b1xy + bax2)y2S — bsziyTi + 21 Us;
z3Wo — oW1 = (z1h 4 b1zoys)S — bsa3yTh + 21 Us;
yWo — 23W1 = (z1h + bizoy)Th + (bixy + bowa)yaTo + 21V
2Wo — W1 = (z1h + bizoys)Ur + (b171 + bawa)y2Us + bsz3yV;
zoWi —x1Wo = —(biza + baws)y2S — b3y T + 22U7;
x3Wi —xoWo = (x2h + bizgy2)S — b3yaTs + 2Us;
yWi —23Wo = (zah + bizgye)Th + (b1zo + boxz)yoTh + 20V
2Wi—aWe = (z2h+ bizsy2)Ur + (b122 + bows)y2Us + b3y V.
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5.5 Proof

I first show how to derive the 16 syzygies from the determinantal format
(which proves they are in fact syzygies). Let A = (a;;) and M = (m;;) be
2x4 and 4 x4 matrixes whose entries are weighted homogeneous polynomials
in a polynomial ring of degrees

44372
1123 4432
2210

and I the ideal generated by the 9 polynomial relations
rank A <1, AM(tA)=0.

There are two ways of deducing syzygies from the format of these relations:
first, an obvious determinantal trick is to double a row of A, so that any 3 x 3
minor vanishes identically. This leads to the first 8 syzygies of Table 5.4.
Next, write

aiz —ail
A* = a2 —a21
asz2 —asi
Qa2 —a41

so that (A*)A is a 4 x 4 skew matrix with entries the 2 x 2 minors of A.
Then the expression (A*)AM (*A) can be parsed in two different ways: A*
times AM(*A) is a linear combination of the second set of relations with
coefficients from A*; whereas (A*)A times M (*A) is a linear combination of
the first set of relations (the 2 x 2 minors of A) with coefficients from M (*A).
Equating these leads to the second set of 8 syzygies in Table 5.4.

Finally, why are these all the syzygies? The assertion is that any identity
between the 9 relations is a linear combination of the 16 given ones. I sketch
a proof by a calculation similar to that of (4.6), but more unpleasant. I can
write the identity > ¢;; f; = 0, where the ¢;; are monomials (and the f; are
the 9 relations (5.2), possibly repeated). First of all, since 21.5, 21711, ...,21V
all appear on the right-hand side of one of the 16 given syzygies, I can
subtract off multiples of them and assume that none of the /;; are divisible
by z1, except possibly if f; = Wy, W1 or Ws. But an easy argument on the
highest power of z; then shows that none of the ¢;; can be divisible by z;.
Similarly for z.

Now assuming that none of the ¢;; are divisible by z1 or 29, it’s not hard
to see that none of Wy, Wi, Wa can appear in any syzygies at all, and in
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turn, the same for Uy, Us, V. Finally, it’s not hard to see that the first two
syzygies of the table are the only ones between S, T, 1.

I apologise for the above proof by intimidation. Here is a proof by ap-
peal to authority. The statement is of a kind covered by monomial bases
algorithms of Macaulay and Grobner (so the skeleton of a proof just given is
part of an algorithm); in particular, Bayer and Stillman’s computer program
Macaulay [Bayer and Stillman| can calculate the entire projective resolution
of the ring defined by the 9 relations (5.2) in a few seconds (on an obsolete
home microcomputer), and confirms the 16 syzygies. (Macaulay assumes
working over a prime finite field, preferably & = Z/(31,991), and that con-
stants in k are chosen for the coefficients of h, b1, by and bs; however, this
proof ‘after specialisation’ obviously implies the statement I need.) Q.E.D.

Remark 5.6 (a) The power of Proposition 5.4, and of the analogous re-
sult (5.8) for the second determinantal format, is that varying the
entries of the matrixes A and M leads to flat deformations of the ring
R (since the syzygies only depend on the determinantal format of the
equations, this corresponds to varying the relations together with the
syzygies). In this case, I say that the format of the equations is flexi-
ble: since the coefficients of the entries can vary freely in an open set
of kv, leading to large unobstructed families of deformations. It is not
clear how to formalise this as a definition, since the expression ‘format
of the equations’ is vague. However, it includes well-known and very
useful formats such as generic determinantals.

(b) The relations rank A < 1, AM(*A) = 0 for generic matrixes A and
M (with M symmetric) are analogous to the defining equations of
a Schubert cell. If the weights were all 1, it is easy to see that the
corresponding projective variety is just

P! x (universal quadric of P3).
Here M gives the quadric Q C P3, the rows of A a point of @, and the
columns a point of P!,
5.7 Second determinantal form

Given a 6 x 6 skew matrix N = {n;;}, the condition rank N < 2 is expressed
by the vanishing of the 15 (diagonal) Pfaffians of the 4 x 4 skew matrixes
obtained by picking 4 rows and the corresponding columns. More concretely,
fori <j<k<{,

ij.kl = Pfij pe(N) = ngjnge — nignge + nignjg.
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Let me while away a happy half-hour by evaluating the 4 x 4 Pfaffians of
the following beauty:

0 B y1 21 x2 a1

0 Z2 T z 002311
31)2 2 3 2 002311
M q9 = A of degrees degn;; = 3%32%‘3
0 py2 puyi 113422
0 pB 113422
0

(here 3, p and g are homogeneous elements of degrees 0,2 and 5 to be filled
in subsequently; the antidiagonal symmetry is part of the format). The
answer, Oh delight! is the following 3 groups:

I. 1256  ayxs—ad+ pB?
12.36 x1Yy2 — x2y1 + Bz
12.35 Toy2 — x3y1 + P22
12.46 x122 — T221 + Bpy1
12.45 Tozo — X321 + Bpy2
12.34 Y221 — Y122 + Bq

II. 13.46 T1q — 22 + py?
13.45 Toq — 2122 + PY1Y2
93.45 T3q — 23 + py>

ITI. 23.46 =13.45
13.56 = 12.46
23.56 = 12.45
14.56 = p x 12.36
24.56 = p x 12.35
34.56 = p x 12.34

Remark (i) If B =0, these relations can be put back in the first deter-
minantal form: you just have to express x1¢q, x2q, r3q as quadratics in
the rows of the 2 x 4 matrix in the top-right.

(ii) On the other hand, if 5 # 0 then the relations give z; and z3 as
polynomials in the other variables. If there is only 1 variable of degree
2, and p, 1, Yo are near their values for R (given in (5.8) below) then
y1 and yo are also functions of x1,x2,x3, and 21, z2,y1 and yo can be
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eliminated to give the single quintic relation 12.34. This discovery is
essentially due to Griffin [Griffin1-2].

(iii) Conversely, a set of relations in the first determinantal form given by
matrixes A and M as in (5.5) can be put in the Pfaffian form if and
only if the first 2 x 2 minor of

a;l a
A= (M1 012
a1 a2
can be made symmetric (by row and column operations), or equiva-

lently, the single degree 2 relation S : (ajj1a92 — aj2az1) is a quadratic
form of rank 3.

Proposition 5.8 (a) If I set
yi=a3andya =y, (=0, p=byy, ¢=hai+2brways+ borsys

then the Pfaffian relations of (5.7) generate the same ideal as the 9
relations of (5.2).

(b) All the syzygies holding between the Pfaffian relations of (5.7) can
be deduced from the determinantal format. Thus here too, arbitrary

(small) variations of y1, y2, B, p, q give rise to flat deformations of
the ring R.

Proof (a) is a trivial substitution: for example, 23.45 becomes
2 2 _ .2 2 2 2 3 _
—25 + 130+ py” = —25 + x123h + 2b1x2w3y” + baxzy” + b3y® = Wa + hS.

Thus under this specialisation, one can read off

34.56 24.56 23.56 23.46 23.45 —bsyV bsyTo Uy Wi —b1y?S Wo+hS
14.56 13.56 13.46 13.45 bsyTy Uy Wy + bay?S Wy — biy?S

12.56 12.46 12.45 | = Sy Uy Us

12.36 12.35 T T,

12.34 -V

5.9 Syzygies between Pfaffians

Suppose that B = (b;;) is a (2k +1) x (2k + 1) skew matrix, and P = (Pfy)
the column formed by the (2k + 1) diagonal 2k x 2k Pfaffians of B; then
BP = 0 (or by symmetry (‘P)B = 0). It’s useful to know also that the
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adjugate matrix (maximal minors) of B is ajd B = P('P); and of course,
B(ajd B) = (det B) -id = 0.

This applies to every 5 x 5 diagonal block of N; thus if I make the skew
6 x 6 matrix P = (P;;) with entries the 4 x 4 Pfaffians of N,

0 34.56 —24.56 23.56 —23.46 23.45
—34.56 0 1456 —13.56 13.46 —13.45
2456 —14.56 0 12.56 —12.46 12.45
—23.56 13.56 —23.56 0 12.36  —12.35
23.46 —13.46 12.46 —12.36 0 12.34

—23.45 1345 —12.45 1235 —12.34 0

(that is, P;j = £ Pfymy with £ = sign(ijklmn), the Pfaffian adjugate of a
(2k+2) x (2k+2) skewsymmetric matrix N), then the off-diagonal elements
of NP are identically zero; it’s not hard to check that the diagonal elements
are all equal to Pf, the 6 x 6 Pfaffian of IV, so that

Y>=NP=Pf-id.
Since NP is 6 x 6, this provides a priori 35 identities between the relations
of (5.7).
5.10 Proof of (b)

It is clearly enough to prove that after making the specialisation of (5.8, a),
the determinantal syzygies just described generate the same module as the
16 syzygies of (5.4). This is a delicious calculation: write ¥ = NP = (0;;),
where

0 0 3 21 T2 T1

0 0 Y %) 3 T2

N = —w% —y 0 hai + 2b1xoy? + boxsy? 2o 21
—21 —29 —hx1 — 2b129y? — baxsy? 0 b3y? nggy

—To —I3 —29 —b3y? 0 0

—T] —I9 -2 —nggy 0 0
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and

0 —bsyV  —bsyTp Us —Wi+biy?>S Wo+hS
bsyV 0 bsyTy —Uy Wy + boy?S —Wq + b1y?S
p_ bsyT> —bsyTh 0 S -U Uz
U, Uy ) 0 Ty =15
Wi — biy2S —Wo — bey®S U7 —Th 0 v
Wy —hS Wi —by?S —Uy Ty \%4 0

Then o014, 013, 015, 016, 024, 023, 025 and o9g are identically the 8 syzygies
of the first set of (5.4); and 012,092,033,035,032,011,033,021,036, 031 are the
8 syzygies of the second set plus some multiples of the first. Go on, have a
go! Q.E.D.

Theorem 5.11 (1) In degree 0, every 1st order deformation RM of R
can be put in the second determinantal form (5.7-8).

(II) In degree < 0, every 1st order extension RW of R can be put in the
first determinantal form (5.3-4). (In degree < —2, R can be put in
either form.)

Remark 5.12 (a) Fixing a degree a < 0 and making a 1-parameter exten-
sion (or deformation), 1st order deformations are thus unobstructed.
What happens when extensions (in degree < 0) get mixed up with de-
formations (in degree 0) is more exciting, and is discussed in (5.15-16)
below.

(b) The results here are exactly what one should expect. Plane quintics
depend on 12 moduli, whereas hyperelliptic curves of genus 6 depend
on 11, and (I) says that the latter can be seen as a smooth codimension
1 degeneration of the former; the only surprise is how complicated the
algebra underlying this simple geometry turns out to be. Horikawa’s
geometric considerations show that a numerical quintic surface having
a hyperelliptic canonical curve C' € |K x| has a genus 2 pencil, and can
therefore be written in determinantal form; the result (II) says that
this also holds for every 1st order extension 2C of C' in degree —1.

(¢) To understand the difference between the two cases, note that the
deformation as a Pfaffian with 5 = 0 is impossible in deg < 0 (since
G would have to be a polynomial of degree < 0. On the other hand,
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if you don’t add an element x( of degree 1 to the polynomial ring, an
arbitrary deformation of S : xyx3 = x% remains a quadric of rank 3;
so in the first determinantal format, A must start with the symmetric

2 x 2 block
r1 T2
To I3
5.13 Setting up the 1st order deformation calculation

By (1.10-11), the Hilbert scheme of 1st order extensions of R in degree
—a < 0 (or deformations in degree a = 0) is the vector space

H (R, a) = Homp(T/T, R) o = {(fg € Ry, _q) ‘ Vi, lifi=0¢ st,a}.

A useful observation is that althoug_h the expression on the right says to use
all 16 of the syzygies of (5.4) for R, they are all implied by the following
very convenient subset:

First few syzygies

o1 xng = szl - .T%S,

g9 . 33‘1U2 = ngl — le;

o3 . Jflv = Z‘%Ul - ZlTl;

oy Wi = 29Wo + (b1 + baxa)y?S + bsa3yTy — 21 Uy;
o5: TiWo = zoWi + (bize + bows)y:S + bsy?Ty — 20U7.

This is true because every syzygy % of (5.4) has a monomial multiple
which is a linear combination of these 5, as can be checked by an elementary
calculation; for example,

ml(ang — $§UQ + ZlTQ) = I903 — .ngg + z101.

Thus, since each of x1, 2, 3,9, 21, 22 is a non-zerodivisor of R, I need only
verify the condition Y ¢;; f/ =0 € Esj_a for these 5 values of j.

For the 1st order calculation, I've got to write down all S’,T7, U] and
W € R of degrees 2—a, 3—a, 4—a and 6 —a such that in turn T3, U, V', W]
and W3 can be found to satisfy

o mTy = zT] — 239"

oh: U} = xU] — 215

oh: oV = 23U — 2 Ty;

o ;W] = zoW{+ (bizy + bowa)y?S’ + bszdyT] — 21 U];
oL mWh = zoW] + (bizo + bow3)y?S’ + b3y T} — 2Uj.
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Each of these equalities in R is written as a condition of divisibility by
x1; this is a very concrete linear condition on S’, Ty, U] and W, especially
since by (4.5, I), it is natural to write down a monomial basis of each Ry in
alphanumeric order, with z; first:

Table of bases of Ry = H(C,Oc(dD)):

HO(D) | x1,29,73

HO(QD) x%,xlxg,mlxg,xng,xg,y

H°(3D) | a}, aiwy, alws, m1w9w3, 1123, 11y, T2y, T3Y; 21, 22
HO(4D) | x}, ximy, xiws, ximows, w123, 21y, T122y, 2123y, T2T3Y,
23y, Y% 121, 122, T2, T320

5.14 1st order deformation calculation in degree 0

The proof of (5.11) is similar to that of (2.2-6), and I omit some details. A
PrIoTi,

S = 5133% + e9x1T2 + €3T123 + €403 + 5533% + €6Y;
However, since the relation is

r113 = 23+ A\,

(with deg A = 0), I can make coordinate changes of the form z; — z; +
A" ajjx; to kill all the terms except the last, so assume S” = egy. Similarly,
I can reduce 77 to

T{ = arxay + asasy + fi1z1 + P2z,
by changes in y. Now plugging in o} gives
21Ty = xoT] — 225" € HY(4D);

since xox3y, x%y,@zQ are linearly independent modulo multiples of z1, I
conclude eg = Ag = B2 = 0, and

S'=0;T] = axoy + Bz1; and T4 = azsy + [zo.

Similarly, U] can be reduced to U] = 1923y + y11y> + 642322 by changes in
z1 and z9, and plugging into of: 21U5 = xoU] — 215 gives y11 = 84 = 0, so
that

U =~ya3y and U =vy°.
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As an arbitrary element of H(6D), W/, can be written as

Wi = 230’ + 612120y + Gom23y® + S3013y° + daxdy® + d51°
+ £121Z223% + 2717322 + £3T1Y22 + E4T2Y22 + E5T3Y20;
(the €; are new, but they too will all die). A coordinate change of the form
21 > 21+ 0x1Q), 22 +— 29 + dx2Q) can be used to fix up ey = 9 = e3 =0

(same @, so as not to alter U] and Uj). Now the syzygy oj: x;W| =
w2 W + b3$§y(a$2?/ + Bz1) — ’ngyzl gives

05 =0 and e5= —b3f+7,
so that
W, = z120h/ + S1z123y% + Gamoxsy® + 53x§y2 + (04 + bga)y3 + 423y 20;

in turn, plugging into of : £1 W} = xoW/ +b3y?(axey+ Bz1) —yr3yze implies
04 = —2bsza, e4 = 0 and v = bg(. So finally
S'=0, T{ = zoy + Bz1, Ty = a3y + Bz, Uj = bsBa3y, Uj = bsfy’,
V! = —B(hwy + 2b122y® + bawsy®) — yza,
W} = 23h + S1v120y% + Sox173y> + d32073y° — 2b373Y°,
W1 = xywoh’ + 61212397 + Saxox3y® + S35y — b3y?,
Wy = zyx3h’ + d1x0w3y° + Sox3y® + 6315

It is now easy to assemble the relations to 1st order into the Pfaffian
determinantal format rank N < 2, where

0 MG l’% — day 21 T9 T
0 Y 29 X3 Z2
N 0 q+ A 22 21
0 (+X)y (p+ )23 — Aaw)
—sym 0 AMp+ )5
0

with ¢/ = x1h' + 6122y% + dox3y? and p’ = 3.

5.15 1st order deformation calculation in degree < 0

The computation in degree —2, —3,..., is a straightforward exercise for the
reader. (But beware: this kind of conclusion is not at all automatic: Dicks
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has an example of a ring having obstructed 1st order extensions in degree
—4 only.)

I give the computation in degree —1 in skeleton form, since step by step
it is almost identical to that in degree 0; I use Latin letters r, s, ¢, u, v instead
of Greeks so that the notations of (5.13) and (5.14) can be added together
in the contrapuntal climax (5.15-16).

Set S = 0 (use x; — x; + *x0) and T| = ryzomws + r4x3 + rsy (use
y =y + zo(*xx1 + *x2 + *x3)). Then

o) 2Ty = xoT] — 238" = 15 =0 and T4 = r322 + ray.
Set U] = trxsy + s121 + s222 (use z1 — 21 + *xoq and same for z9). So

Ué: xlUé = ang{ — 258 = sy =t; =0 and Ué = §129.

agz V' = x%U{ — le{ = 1y =51 and V' = —rax329.
So writing r3 = r, 74 = $1 = s, this summarises as
! ! 2 ! 2 I I I _
S"=0, T] = rxazs+sx3, Ty = rez+sy, Uy = sz1, Uy =522, V' = —rx3z,
all of which fits together as the zo terms in rank A < 1, where

A(l) i 1 T9 — ST a:§ + rrors 21
 \z+ 2+ sz T3 Yy 29) "

Now set

Wy = 230 + torizaT3y + 751096133:2>,y +tiz1y? + tioway® + tizrsy?

2
+ ugr3zzo + uUryz9

(using z1 — z1+xox1M, 22 — 22+Tox2m as before, and also z; — 2’1+*IL‘0$§,
29 > 29 + *woy to kill the term uzz321). Then

’ / / 2 2 2
oy ;Wi = 2aWj + b3y (raezs + sx3) — s2q
implies t13 = w7 = 0 and

—Wl' = —sxih + 1220 + tgxlxgy + tloxgxgy
=+ (tll — 2b15)1,‘2y2 + (tlg — bQS + b37")£L’33/2 + ugyz2.

Then
I r_ / 2 2
o5 v1Wy = xoW| + bay” (reaws + sx5) — sz122
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implies t1o0 = 2bys — 2bsr, ug = 0, and
~Wh = —2sz9h + z173h + tox1y® + tigzay® + (t11 — 4b15)1:3y2.
Thus, in conclusion, after the same massaging as in (5.2),

—W{§ = 23 + 2uiz1 2023y + vox323y + V3T
+ 2blsx1y2 + 2b23x2y2 — 2b3rx§y,
—W{ = —sz1h + m129h" + v1 (21203 + :E%)l‘gy + vng:E%y + vgmgy
+ (bgs — bsr)x3y?,
—Wh = —2sx9h + 23R + 2012923y + voxsy + (v3 — 2b15)x37%
The reader familiar with the rules for matrix multiplication will see that

to 1st order, these are the z( terms of the 3 relations AN MM (tAM) = 0,
where AM) is given above and

h o biy?
biy?  boy?

MW = - + o | vizgy vox3y
3

no vy

—1

5.16 Mixing extensions and deformations

I now consider ‘extension-deformations’ of R = R(C, O¢ (D)), depending on
two variables, A, xg of degrees 0 and 1. For example, this situation occurs if I
want to study deformations of a given numerical quintic surface S extending
C: or equally, if I have a given flat deformation Ry of R and I want to study
simultaneous extensions of the R.

Let A be a graded local Artinian k-algebra (whose degree 0 piece may be
bigger than just k). A graded deformation of R over A is an A-algebra R,
that is both a flat deformation of R over A and graded as k-algebra. If A
is generated by elements of different degrees, the ideal of relations defining
R4 will be homogeneous in all the variables.

Write B = k[, 2] /()\, £0)?, where deg A = 0, as in (5.13) and deg 2o = 1.
The set of Rp is strictly a 1st order problem, whose solution is just the direct
sum of the two vector spaces studied in (5.13) and (5.14): every Rp can be
written (after suitable coordinate changes) in the form Blzi,...,22]/Ip,
where Ip is generated by 9 relations

_ / /
BE = F+ AFp) + ZoF (g,
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where F is a relation for R as in (5.2), F(’/\) the bit added on in (5.13), and
F’(x0) the bit added on in (5.14) (examples are given in the proof of (5.16)).

I continue to use the notation of (5.13) and (5.14) without further mention.

5.17 The 2nd order obstruction

Now let C = k[X, z0]/(\2?, 23); despite appearances, deformations of R over
C'is no longer a 1st order problem, since the maximal ideal m¢ has mQC # 0.

Theorem Let Ry be a graded deformation of R over B; then

Rp lifts to a deformation Rc < (s =0.
Proof If 8 =0 then Rp can be written in the first determinantal format,
and so is unobstructed; if s = 0 it can be written in the Pfaffian format, and

is likewise unobstructed. So the point is to prove — .
By (5.13) and (5.14), the first 4 relations for Rp are

BS . Ir1xy = x%,

BT1: Ty = x2$§ + Maxoy + Bz1) + xo(rrozs + sa:%),
Ty : xy = x33+ Mawzsy + B22) + xo(rzi + sy),
Ui 120 = x221 + MNb3B73y) + 20(521).

The first syzygy x1T5 — 2211 + yS for R upgrades to one for Rp as follows:

z1(pT2) — x2(BT1) +y(BS) = May(sS) + B(BUL)) +xo(rz3(BS) + s(BT1))-

A lift of Rp to R¢ involves patching the relations g5, g11, 15, etc. to
cS =pS+x0S", Ty = T+ eoT], To=pgTe+ \xoTy, etc.

in such a way that all the syzygies can be extended (this is exactly the
argument of (1.13, (5)). For this it is necessary that

r1(cTh) — z2(cTh) +y(cS) = May(cS) + B(CUL)) +zo(ras(cS) +s(cTh));

this is supposed to be an equality in R between the Az terms, since the
constant and 1st order terms have already been fixed up to vanish. Now I
claim that if Ss # 0 this inequality cannot hold for any choice of S”, T}, T .
In fact the Axzg term of the right-hand side is already determined by the
relations for Rp, and is

ABxo(sz1) + xosA(axay + Bz1)
However, the right-hand side consists of assorted multiples of z1, x5 and y,

so can’t possibly hit z;. Q.E.D.
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5.18 Numerical quintics
A numerical quintic is a polarised n-fold X, D such that
(i) D is ample;
(i) Kx =(3—n)D,
(iii) h°(Ox (D)) = n +2; and
(iv) D™ =5.

One hopes that under suitable nonsingularity conditions, the linear sys-
tem |D| contains n — 1 elements whose intersection is a nonsingular curve C'.
This has been proved by Horikawa if X is a nonsingular surface or 3-fold.
(If |D| defines a generically finite map, then easy numerical considerations
show that | D| is free and birational, or has a single reduced point as its base
locus and is 2-to-1.)

Corollary Assuming this, the ring R(X, Ox (D)), is either a quintic hyper-
surface, or of the first determinantal format (5.3); in the latter case, op(X)
is a quadric of rank 3 or 4; if the rank is 4 then all small deformations of
X are given by varying the coefficients in the determinantal format, and 1st
order deformations are unobstructed. If the rank is 3 then deformations of
X form two components, one of which consists of quintic hypersurfaces.

6 Six minuets for a mechanical clock

6.1 Main algorithm

This section outlines routines to mechanise the ideas of §1, intended as a
‘pseudocode’ computer program to calculate the moduli space of deforma-
tions of a ring R as the subscheme in T1<0 defined by the vanishing of an
obstruction morphism

obs: T1<0 — ']I‘2<0.
More precisely, I describe an algorithm having the following input and out-
put:

Data: A specification of a ring R in terms of generators, syzygies and

second syzygies, that is, the ring A = k[z1, ..., z,], the generators (f;) of T
and the resolution (1.14)

A D A=) L P a-di) LR 0.
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Result: The graded vector spaces T1<0, ’]I‘2<0 and the polynomial map

obs: ']I‘1<0 — ’]I‘2<0 between them.

The input and output are objects of the same type: the f; are homo-
geneous polynomials, and so are the components obs, of obs. If the coeffi-
cients of the f; are symbolic (expressions involving indeterminates), then so
are the obs,, whereas if the f; are numerical (rational numbers or elements
of a finite field), then so are the obs,.

Some practical considerations on implementing this algorithm are dis-
cussed in (6.5) below.

6.2 Monomial basis routine

First of all, it’s clear that the whole computation will only involve Rgd
for some d that is readily determined a priori from the data (in fact the
minimum degree of the second syzygies mint; will do). A monomial basis
for R is a set of monomials 2™ in the variables {1, ...,7,} whose images
in R form a basis; because of what I just said, I will only need to deal with
a finite set {2™x}\cp forming a basis of R<4. I need the following:

(i) at the outset, a choice of a monomial basis {z™} of R;

(ii) a general-purpose procedure general_polynomial(name, deg) that
writes out a general polynomial of given degree

f= Z C(name)A * T,

with indeterminate coefficients, where c¢(yane) i a suitable name for the
coefficients, and the sum takes place over all basic monomials of given
degree.

(iii) a reduction procedure that takes any polynomial A into its normal
form hh mod I, with hh a linear combination of the x™»;

(iv) the toll, a vector toll = {toll;} such that
h=hh+» toll;- fi.

Here the normal form hh is the final outcome of a reduction process, and
is sufficient for 1st order purposes; toll is a record of how each relation
f; is used in the reduction process. It’s used to replace equalities in R by
identities in k[z1,...,zy]; in particular, to determine KZ(»J]»C) when going back
from (1.12, (6)) to (1.12, (5)) for higher order work.
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In concrete cases, the required monomial basis may be fixed up in an ad
hoc way; for example, in §5 it’s not hard to see how to use the relations (5.2)
to pass from any element of the ring R to a combination of basic monomials
as in (5.12).

6.3 Computation of T' and T?

Since HW, T! and T? are graded vector spaces, the 1st order computation
breaks up into independent routines for the graded pieces of each degree —k.
The two vector spaces H()) and T? are the homology of the conormal

complex
Lo = P R(d:) L= P R(sy) SR

where dy and d; are matrixes with polynomial entries, the transpose of (¢;;),
(m) given in the data. An element of Ly of degree —Fk is a vector ¢ = {f/}
with f; € Rdi_k. First write out f; = > cfinax™ using the procedure
(6.2, ii) (putting enough information into the coefficient names cf,;y to
distinguish them from all previous names).

To calculate T! in any degree —k < 0:

Step 0 Generate {f/} for each i, and make a list of their coefficients.

Step 1 Divide by the group of coordinate transformations
Ty v Xy + cpxg, Where ¢y € Eai_k.

The effect is to replace f! by f/+>" ¢,0fi/Ox, so that the quotient by a group
action is in this case just a quotient vector space. As in (2.4) and (5.13),
this simply means using the coordinate changes to assign values (usually 0)
to as many of the coefficients cf,;) of the f; as possible. (To calculate H 1)
this step would be omitted.)

Start a loop on j, ranging from 1 up to the number of syzygies: for each
of the syzygies o0;, carry out the following 3 steps.

Step 2 Evaluate the jth entry of do({f/}); that is, calculate )" ¢;; f/ in the
polynomial ring and carry out the reduction

to_kill; := normal form of  4;; f/

using the procedure (6.2, iii). The kernel of §y is of course obtained by
setting to_kill; = 0 for each j.
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Step 3 To equate coefficients in to_kill; = 0, start an internal loop
through each monomial ™+ of degree s; — k. Set to zero the coefficient of
z™w in to_kill; to get a homogeneous linear equation

egh(j, 2™) := ((coefficient of z™ in to_kill;) = 0)

in the list of indeterminate coefficients {cf,;y}. Solve this, to obtain a new
relation of the form

dependent coefficient = combination of others,

for one coefficient cf,;), and assign this value.

Keep side-effect The subscript i) is a priori not know; for the higher
order computation, it is crucial to remember the point at which the coef-
ficients cf,;) are solved for; so at this point, make a table Table; relating
*i\ to (j, x™r).

(end of z™# loop, end of j loop).

After all this, some of the coefficients cf,;) have values assigned. Define
defvar|k] to be the set of remaining independent (unassigned) coefficients;
these are coordinates on T! I

The calculation of TQ_k is similar, and I only sketch it: start from the

vector space
{9;' = Z Cg*j)\l‘mA € st—k}»

with a monomial basis, divide by imdy (assigning values to some of the
coefficients cg,;,), then use the linear equations defining kerd; to assign
values to more of the cg,;,. Here I again make a table Tables to remember
when a coefficient cg, ;) is solved for (that is, assigned a value) by the linear
equations defining ker 6;. The meaning of this table is that §; (the second
syzygies) expresses the 2™ term of the syzygy s; (corresponding to cg,;,)
as a linear combination of terms of the other syzygies, and does not give rise
to new independent obstructions. At the end, the unassigned coefficients
cg,;y are coordinates on T2 i

Short-cuts

(1) It may not be necessary to write out all the {f/} as general polynomi-
als: if one entry ¢;; of the matrix ¢ is a non-zerodivisor of R then the
jth syzygy is equivalent to

by divides 32,4, 6 f, and f = {3 0,0/}t
L#£1
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For example, in (5.12) all 5 of the syzygies used were treated in this
way.

(2) The 1st order calculation of (6.3) can be done as a self-contained,
purely linear routine. However, to avoid repeating all the 1st order
work when proceeding to 2nd order, it is desirable to get hold of the
toll in passing to the normal form in Step 2, which gives ng.

6.4 Higher order theory

The higher order theory is done by induction, and I start off the induction
assuming that the calculation of T, and T2, have been carried out for
all Kk < k, resulting in an array defvar[1 .. k-1], where each defvar|x]
consists of coordinates on T! . Write defvars for the union of these. The
obstructions will be kept in a set obs of relations between the defvars
(more usefully, as an ideal in k[defvars]), and I initialise obs := { } to be
the empty set (or the zero ideal).

I fix degzg = 1. Now I work by induction on k, starting with k = 2
because the 1st order part has already been done in (6.3). Consider kth
order deformations of the form

as in (1.13). Assuming that everything is known up to order k — 1, the new
unknowns fi(k) must satisfy

qufl(k) = ¢] € st'—k‘a(), (*)

where 1; = — 571 S 0(a); £ is as in (1,12, (6)).
I calculate all possibilities for the kth order terms at the same time as
writing out the new obstructions.

Step 1 Write out the general form of ¢ = {fi(k)} with fi(k) € Ry,_k, and
divide by the coordinate change xy — x; 4+ cyxg, where ¢y € Eai—k- This is
exactly the same calculation as (6.3, Steps 0-1).

Now for each syzygy j, carry out the following steps, parallel to those in

(6.3):

Step 2 Evaluate Z&jfi(k) — 1pj where 9; is as in (x) above, and reduce

to_kill; := normal form of ) &jfi(k) — 1
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using the reduction procedure (6.2, iii); remember to set EZ(»;.C) ;= —toll,.
This is similar to (6.3, Step 2), except that carrying forward the 1; adds
nonlinear terms from the order < k calculations to the purely linear kth

order part ) &jfi(k).

Step 3 Equate coefficients of each monomial 2™~ in to_killj, to get an
equation eqin(j, ™) in the kth order indeterminate coefficients {cfy;}
which is inhomogeneous linear in these, but with coefficients involving the
defvar|k| with k < k.

Step 4 In deciding how to handle each equation eqin(j,z™#) there is a
division into 3 cases, depending on the information remembered in the ‘side-
effect’ tables Table;, Tabley constructed in (6.3, Step 3).

Case A If Table; remembers that eqh(j, 2™+ ) was used in (6.3, Step 3)
of the 1st order problem to assign a value to cf,;) in the 1st order problem,
then eqin(j, ™) can also be used to assign a value to cf,;) (not the same
value). This is true because the kth order indeterminates cf,;) appear with
the same coefficients in the two equations.

Case B If Tabley remembers that in the 1st order problem the 2™ term
of the syzygy s; was a linear combination of terms of the other syzygies,
then just ignore eqin(j, z™#).

Case C If neither of Cases A-B hold then eqin(j, 2™~) is a new obstruc-
tions, a component of obs: TL, — T? .

(end of z™# loop, end of j loop).

6.5 Considerations of space and time

Concerning the feasibility of implementing this algorithm, I have a version of
it running (written in Maple, [Maple]) to compute the deformation theory of
a very specific example related to Godeaux surfaces with torsion Z/2; in this
example the ring needs 8 generators, 20 relations, 64 syzygies and 90 second
syzygies, and the relations f; have 10 indeterminates among their coeffi-
cients. My program works with symbolic coefficients, and polishes off easily
the computation of ']I‘1<0, which is 17-dimensional; at present I don’t have
the computation of ’]I‘2<0 implemented, although this does not present special
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difficulties (it should be approximately 10-dimensional). My computation
of obstructions eventually grinds to a halt, growing too large for computer
memory and the tolerance of my fellow-users (typically taking 80% of 16Mb
memory, about 30 hours of CPU time, for an unfinished calculation). The
obstructions are polynomials in 17 variables, with hundreds of nonzero sym-
bolic coefficients (the first two take half a page each to print out, and after
that 3 or 4 pages each), so that for example using the standard Grobner
basis package provided in Maple is not feasible to control them. I never-
theless expect that a modified version of this program will eventually run
to completion, and decide the irreducibility of the moduli space of Godeaux
surfaces with torsion Z/2.

As described in (2.10), my preliminary notes on this calculation formed
§6 (17 pages) of the preprint of this paper, and pending a more definitive
composition these are still available on request, together with some version
of my Maple routines.

On the other hand, there is the alternative approach in the spirit of
Macaulay [Bayer and Stillman| in which all the rings are defined by poly-
nomials with one word coefficients; I guess the advantage is that polynomials
can be viewed as a much simpler data type (the array of its coefficients)
instead of the recursive structure of symbolic computation packages such as
Maple, thus saving on all the overheads of simplification. It seems clear to me
that in these terms my algorithm will involve the same order of magnitude
of complexity as the existing Macaulay package, so that rings of the size of
my example (but defined by polynomials with coefficients in a prime field
Z/(p)) can be dealt with easily.

References

[4 authors] E. Arbarello, M. Cornalba, P.A. Griffiths and J. Harris, Geom-
etry of algebraic curves, vol. I, Springer, 1985

[Artin] M. Artin, Lectures on deformations of singularities, Tata Inst. lec-
ture notes 54, Bombay 1976

[Badescu] L. Badescu, On ample divisors, I, Nagoya Math J. 86 (1982), 155—
171; and II, in Proceedings of the week of algebraic geometry (at
Bucharest 1980), Teubner Texte zur Mathematik 40, Leipzig 1981,
12-32

[Barlowl] R. Barlow, Some new surfaces with p, = 0, Warwick Ph.D. thesis,
1982

73



[Barlow2] R. Barlow, A simply connected surface of general type with p, =
0, Invent. Math 79 (1985), 293-301

[Bayer and Stillman] D. Bayer and P. Stillman, Macaulay, computer pro-
gram, version 2.0 for Apple Macintosh, distributed Nov. 1986 from
Columbia Univ. and Brandeis Univ

[Catanese] F. Catanese, Pluricanonical Gorenstein curves, in Enumerative
geometry and classical algebraic geometry (at Nice, 1981), Birkha
ser, 1982, 51-95

[Catanese and Debarre] F. Catanese and O. Debarre, Surfaces with K? = 2,
pg = 1, ¢ = 0, Orsay preprint, 1988, to appear in Crelle’s J

[Ciliberto] C. Ciliberto, Sul grado dei generatori dell’anello canonico di una
superficie di tipo generale, Rend. Sem. Mat. Univ. Politec. Torino
41:3 (1983/84), 83-111

[Dicks] D. Dicks, Surfaces with p, = 3, K? = 4 and extension-deformation
theory, Warwick Ph.D. thesis, 1988

[Francia] P. Francia, The bicanonical map for surfaces of general type, Univ.
of Genova preprint (1983), to appear

[Friedman and Morgan| R. Friedman and J. Morgan, Algebraic surface and
4-manifolds: some conjectures and speculation, Bull. Amer. Math.
Soc. 18 (1988), 1-19

[Fujital] T.Fujita, Impossibility criterion of being an ample divisor, J. Math
Soc. Japan 34 (1982), 355-363

[Fujita2] T. Fujita, Defining equations for certain types of polarized vari-
eties, in Complex analysis and algebraic geometry, (Kodaira vol-
ume), W.L. Baily, Jr. and T. Shioda eds., Iwanami and C.U.P. 1977,
pp. 165-173

[Griffinl] E.E. Griffin, Families of quintic surfaces and curves, Harvard
Ph.D. thesis, 1982

[Griffin2] E.E. Griffin, Families of quintic surfaces and curves, Compositio
Math 55 (1985), 33-62

[Grothendieck] A. Grothendieck, Catégories cofibrées additives et complexe
cotangent relatif, LNM 79 (1968)

74



[Horikawa] E. Horikawa, On deformations of quintic surfaces, Invent. Math
31 (1975), 43-85

[Mlusiel] L. Illusie, Cotangent complex and deformations of torsors and
group schemes, in Toposes, algebraic geometry and logic, LNM 274
(1971), 159-189

[lusie2] L. Ilusie, Complexe cotangent et déformations, I, II, LNM 239
(1971) and 283 (1972)

[Kotschik] D. Kotschik, On manifolds homeomorphic to P2#®, Invent. Math
95 (1989), 591-600, 1988

[Lauferl] H.B. Laufer, Weak simultaneous resolution for deformations of
Gorenstein surface singularities, in Singularities (at Arcata, 1981),
Proc. of Symposia in Pure Math 40, A.M.S., 1983, Part 2, 1-29

[Laufer2] H.B. Laufer, Generation of 4-pluricanonical forms for surface sin-
gularities, Amer. J. Math 109 (1987), 571-589

[Lichtenbaum and Schlessinger| S. Lichtenbaum and M. Schlessinger, The
cotangent complex of a morphism, Trans. Amer. Math Soc. 128
(1967), 41-70

[L’vovskiil] S.M. L’vovskii, Criterion for nonrepresentability of a variety as
a hyperplane section, Vestnik Mosk. Univ. (1) Mat. Mekh, 1985,
No.3, 2528

[L’vovskii2] S.M. L’vovskii, On extensions of varieties defined by quadratic
equations, Mat. Sbornik 135 (1988), 312-324

[Maple] Maple, Computer algebra package, v.4.2 for SUN/Unix system,
Symbolic computation group, Univ. of Waterloo, Canada c. 1988

[Mendes Lopes] M. Mendes Lopes, The relative canonical algebra for genus
3 fibrations, Warwick Ph.D. thesis, 1988

[Mumfordl] D. Mumford, Varieties defined by quadratic equations, in Ques-
tions on algebraic varieties (CIME conference proceedings, Varenna,
1969), Cremonese, Roma, 1970, pp. 29-100

[Mumford2] D. Mumford, Lectures on curves on an algebraic surface, Ann.
of Math Studies 59, Princeton, 1966

75



[Pinkham] H. Pinkham, Deformations of algebraic varieties with G,,-action,
Astérisque 20, Société Math de France, Paris, 1974

[Reid1] M. Reid, Surfaces with p, = 0, K? = 1, J. Fac. Science, Univ. of
Tokyo, 25 (1978), 75-92

[Reider] I. Reider, Vector bundles of rank 2 and linear systems on algebraic
surfaces, Ann. of Math 127 (1988), 309-316

[Saint-Donat] B. Saint-Donat, Projective models of K3 surfaces, Amer. J.
Math 96 (1974), 602-639

[Schlessinger] M. Schlessinger, Functors on Artin rings, Trans. Amer. Math
Soc. 130 (1968), 41-70

[Scorzal] Sopra una certa classe di varieta“ razionali, Opere scelte, Roma
1960, vol.1, 372-375

[Scorza2] Sulle varieta“ di Segre, same Opere scelte, vol.1, 376-386

[Serrano] F. Serrano, Extension of morphisms defined on a divisor, Math
Ann. 277 (1987), 395-413

[Sommesel] A.J. Sommese, On manifolds that cannot be ample divisors,
Math Ann. 221 (1976), 55-72

[Sommese2] A.J. Sommese, On the birational theory of hyperplane sections
of projective threefolds, Notre Dame Univ. preprint, c¢. 1981

[Sommese3] A.J. Sommese, Configurations of —2 rational curves on hyper-
plane sections of projective threefolds, in Classification of algebraic
and analytic manifolds, K. Ueno (ed.), Birkh&user, 1983, 465-497

[Swinnerton-Dyer] H.P.F. Swinnerton-Dyer, An enumeration of all varieties
of degree 4, Amer. J. Math 95 (1973), 403418

[XXX] anonymous correspondence (rumoured to be by A. Weil), Amer. J.
Math 79 (1957), 951-952

Miles Reid, Math Inst., Univ. of Warwick, Coventry CV4 7TAL, England
Electronic mail: miles @ UK.AC.Warwick.Maths

76



