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ANNOTATION

This is the first volume of a three volume collection of Andrey Nikolaevich
Tyurin’s Selected Works. It includes his most interesting articles in the field of
classical algebraic geometry, written during his whole career from the 1960s;
most of these papers treat different problems of the theory of vector bundles
on curves and higher dimensional algebraic varieties. This theory is central to
algebraic geometry and most of its applications. The spectrum of the prob-
lems considered is very broad, ranging from the geometry of stable vector
bundles on algebraic curves to the description of symplectic structures and
metrics on the moduli varieties of vector bundles on surfaces, from the method
of superposition in the theory of mathematical instantons to the application
of classical enumerative geometry to the description of differentiable struc-
tures on four manifolds, from the theory of theta functions and Lagrangian
geometry to the construction of Delzant models in Quantum Conformal Field
Theory.
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Introduction of the Chief-Editor

This is Volume 1 of a three volume collection of selected works of Andrey
Nikolaevich Tyurin. This publication is not an complete one, and we omit a
number of his papers, although the substance of his work is well reflected in
the articles included here.

This publication serves a two-fold purpose. On the one hand it is our
homage to the memory of a close friend and colleague, whose work in the field
of algebraic geometry was most productive and influential over many years.
On the other hand, Andrey Tyurin played a very essential role in the creation
of the modern theory of vector bundles, and in advancing the methods of alge-
braic geometry within topology and theoretical physics. His articles collected
together provide a bright and dramatic picture of the development of this area
of algebraic geometry over the last forty years. We hope this publication will
serve future generations of scientists as a good introduction to a number of
very interesting problems in algebraic geometry. We would like to provide an
introduction to a broad circle of ideas and projects of Andrey Tyurin, some of
which were left unfinished due to his sudden and untimely death. Several gen-
erations of mathematician were fortunate enough to work and develop in the
atmosphere of creative quest that his energy and talent fostered. We hope that
this collection will at least in part communicate a colourful image of Andrey
Tyurin’s personality to future generations.

F. Bogomolov
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Andrey Nikolaevich Tyurin

Andrey Tyurin chose his mathematical theme very early in his career, al-
ready as an undergraduate, and he was to remain faithful to it in essence for
his whole life. This chosen theme, the theory of vector bundles and their mod-
uli spaces, turned out to be very brilliant: alongside its own internal beauty,
the subject has many diverse connections with other branches of geometry and
mathematical physics. One aspect of Tyurin’s own personality is already ap-
parent from this: his ability to spot these connections as soon as they appear,
to find them for himself and to take part in their development.

The theory of vector bundles was just beginning to take shape as an area
of mathematics when Tyurin started to work on it in the early 1960s. A
prewar paper of André Weil served as a foundation for it, using the language
of “matrix-valued divisors” to describe what we now called vector bundles on
algebraic curves. This theory already contained one of the foundational points
for the development of the subject, the idea that it can be understood as a
“non-Abelian analog” of the classical theory of divisors, in which we replace
numbers (that is, 1 x 1 matrices) by matrices of any rank. This idea then took
hold of Tyurin, and formed the driving force for his work over many years.
Also available at the time were lecture notes of Weil, in which he showed
how the notions of the theory of vector bundles, currently popular in topology
and differential geometry, could be formulated in algebraic geometry. Serre’s
lecture at the Bourbaki seminar stimulated assimilation of these ideas. Among
the more concrete results known at the time were the classification of vector
bundles on curves of genus 0 (Grothendieck) and genus 1 (Atiyah).

This was the starting point for Tyurin’s own research. In a paper written
while still an undergraduate, he found all rank 2 vector bundles on curves of
genus 2 having determinant 0, and showed that they are described by points
of the variety P3 \ V, where V C P3 is the Kummer surface. His subsequent
studies were concerned with the analogous problem over curves of any genus,
and later also its generalisation to the case of dimension > 2.

Here he ran into the fact that posing the problem is itself a difficulty. As
he soon discovered, this relates to nonrepresentability of certain functor under
discussion. In order to make it representable, one introduces a certain extra
rigidity, from which point onwards the question about the moduli space makes
sense, and can be studied. A natural point of view on this type of problem is
given by the notion of stability, which originates with Hilbert, and was revived

16



Foreword by I. R. Shafarevich 17

in more recent times by Mumford, in connection with the theory of moduli of
algebraic curves. Tyurin soon mastered this circle of ideas. Quite generally, I
believe it is fair to say that our Moscow circle of algebraic geometers was able
to assimilate the “stability philosophy” due in large part to Tyurin’s influence.

In application to the theory of vector bundles over a curve, the conclusion
from this philosophy is that the natural object to study is the moduli space of
stable bundles (or its completion, that includes the semistable ones). In this
direction, Tyurin was responsible for a fundamental “noncommutative” analog
of the classical Torelli theorem. Namely, he proved that, for bundles over a
curve of fixed rank and fixed degree of their determinant, if the rank and the
degree are coprime, the moduli space of these bundles determines the original
curve uniquely. Slightly after this (and entirely independently — obviously,
in view of the complete lack of connections between the Soviet Union and
the rest of the world), Mumford, Newstead, Ramanan and Seshadri obtained
similar results. They obtained another striking result, one that can be stated
as the “absence of a Schottky problem” in the theory of higher rank vector
bundles. This period represents a second flight of the theory of vector bundles
over algebraic curves, following Weil’s initial work. Tyurin’s survey, setting
out precisely everything known at this time, was to stimulate the subsequent
development of the subject.

Tyurin was swift to adapt to the new ideas in algebraic geometry, reworking
them enthusiastically from his “philosophy of vector bundles” point of view.
For example, Hartshorne drew attention to certain properties of extensions of
a variety, when a projective variety X can be realized as a hyperplane section
of a variety X7; (this is always possible if X is a hypersurface or a complete
intersection). Varieties for which this extension can be carried out sufficiently
far (so that one obtains a “variety of small codimension”) have a number of
remarkable properties. Tyurin formulated these ideas as a certain theory of
“infinite dimensional manifolds” (that is, he assumed the possibility of extend-
ing the manifold indefinitely). In this formulation, Hartshorne’s results mean
that an infinite dimensional manifold is a complete intersection in an “infinite
dimensional projective space”. Naturally enough, he related these ideas at once
to the theory of vector bundles. Here we consider an extension of pairs (X, E)
where F is a vector bundle on X, and we demand not just that X should be
realized as a hyperplane section of a variety X7, but also that E should be the
restriction to X of a bundle F; on X;. An infinite sequence of pairs is called
a vector bundle (of finite rank) on an infinite dimensional algebraic manifold.
One of the results then says that any such bundle is a direct sum of line bundles.
This result (and his other results in this paper) also admits a finite statement,
when the infinite dimensionality of the manifold is replaced by a sufficiently
long series of extensions.

Needless to say, Tyurin’s interests were not limited to the theory of vector
bundles (although certain analogies with vector bundles played a role in most
cases). Thus, he proved two completely different “Torelli-type theorems”. The
first of these starts off from the classical problem of classifying linear trans-
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formations (or classifying n x n matrices up to conjugacy A — C~tAC).
The characteristic polynomial det(A — ¢tE) is obvious an invariant, and with
it the “spectrum” of the matrix — its set of roots. A fundamental classical
result asserts that in the case of a “simple” spectrum, the spectrum is a com-
plete system of invariants. In the 19th century, mathematicians preferred to
speak of a pencil of matrices AA + uB, and to consider the discriminant form
det(aA+ puB) = (A, p). The assumption of “simple spectrum” corresponds to
the case when the discriminant does not have multiple factors. Here the natural
transformations are of the form (A, B) — (CAD,CBD). If we are discussing
symmetric matrices (that is, quadratic forms), we set D = C*, with det C # 0.
An analog of the theorem mentioned above is the statement that in the case
of a simple spectrum, a pair of quadratic forms can simultaneously be reduced
to a sum of squares. Going further, the next question is a net of matrices
AA + puB + vC, or the intersections of the three corresponding quadrics. The
analog of the spectrum is now the plane curve det(AA+ uB+vC) = 0, and the
“simple spectrum” assumption corresponds to the case that this curve has no
singular points. The theorem Tyurin proved is that in this case the “spectrum”
(that is, the plane discriminant curve) again determines the net of quadrics,
but only up to a finite number of possibilities. These additional invariants are
determined by a certain double covering of the curve det(AA + puB + vC') = 0;
he indicated exactly which type of covering curves can occur, so that as a result
one obtains a one-to-one correspondence (in the “simple spectrum” case) be-
tween intersections of three quadrics and their nonsingular discriminant curves
of degree n in the projective plane plus a certain double cover, where both are
considered up to projective transformation.

While Tyurin was writing this paper, he was unaware that his main result
had been obtained by Dixon in the early 20th century (this is not the Leonard
Dickson who is well-known for his study of finite fields and algebraic groups
over them, but another person, Arthur Dixon, whose surname is even spelt
differently). However, this phenomenon is inevitable. Over a few decades,
mathematicians start to think in different terms, and cease to understand their
predecessors. Their results are forgotten, except for some really famous ones.
For this reason, reestablishing these results in a modern setting is no less of an
achievement than proving new ones.

Tyurin’s activity with nets of quadrics led him to a construction that I am
convinced has yet to play its full role in geometry; it relates to Riemannian
geometry (or pseudo-Riemannian geometry). For every point z € X of a
(pseudo-)Riemannian 4-manifold X, the exterior square /\2 T, of the tangent
space has three intrinsically defined quadratic forms. The first of these is the
exterior product (since /\4 T, is a line). The second is defined by the (pseudo-
JRiemannian metric on X. The third is given by the curvature form. In our
case rank /\2 T, = 6, and the projectivization of the whole construction defines
three quadrics in P°. The intersection of these quadrics (assuming that it is
transversal) is a K3 surface, or in general a certain degeneration of one. Thus, in
a quite remarkable way, every point of a Riemannian 4-manifold X corresponds



Foreword by I. R. Shafarevich 19

to a certain K3 surface (possibly degenerate). Thus there is defined a map of X
into the moduli space of K3 surfaces (compactified in a suitable way). The K3
surfaces corresponding to points of X are by no means arbitrary K3s. As well as
being realized as surfaces of degree 8 in P, they have the special property that
their lattice of integral 2-dimensional homology classes contains a sublattice of
algebraic cycles of rank 9, with completely determined intersection properties.
However, it is known that these special K3 surfaces also have a moduli space,
which is where the 4-manifold X gets mapped to. Moreover, the 3 quadratic
forms we have constructed are real, so that we are in the domain of K3 surfaces
over R, that Nikulin has already studied; these constructions further stimulated
Nikulin’s work. This seems to be a very promising direction of study, with many
interesting questions arising.

Another Torelli-type theorem proved by Tyurin concerns a classical object
of study in algebraic geometry — the nonsingular cubic hypersurface in P%.
It has been known for a long time that a hypersurface of this type contains
infinitely many lines, which are parametrized by a surface, the Fano surface
of the cubic. Whether the cubic is determined by its Fano surface was also
a long-standing open question. It was Tyurin who gave the positive solution
to this question; at the same time, he showed that the Fano surface of the
cubic satisfies the analog of the Torelli theorem. This paper belongs to a
period of intense activity on 3-folds in Moscow, in connection with Manin and
Iskovskikh’s negative solution of the Liiroth problem, and the study of Fano 3-
folds by Iskovskikh and his school. At around the same time, Tyurin also wrote
his survey on 3-folds, stimulated by the work of Griffiths and Clemens on the
irrationality of the cubic 3-fold; the survey in its published form is entitled “Five
lectures on threefolds”, and these five lectures were really given at the algebraic
geometry seminar in Moscow. It was at these lectures that the majority of the
seminar participants first became acquainted with intermediate Jacobians and
Prym varieties and their application to the proof of the irrationality of certain
algebraic 3-folds.

Tyurin always assimilated new ideas appearing in algebraic geometry in a
creative way, especially those that he was able to connect with the theory of
vector bundles. Thus, starting off from an observation of Gunning, according to
which the classical theory of uniformization of Riemann surface can be viewed
as specifying a “special geometric structure” whose “transition functions” are
fractional-linear transformations, Tyurin related this to theory of quadratic
differentials that had been developed a long time ago (since Poincaré), and
to the theory of rank 2 vector bundles (or in the current application, their
projectivization) on Riemann surfaces. In the spirit of the general conception
of vector bundles as a non-Abelian analog of the theory of divisors, he proved
the non-Abelian analog of the main theorems of the theory of differentials of the
third kind, determining how they are specified by their periods and principal
parts in a neighborhood of the poles.

It became clear during the 1980s that the theory of vector bundles can be
fruitfully applied in the geometry of manifolds of dimension greater than 1;
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Tyurin played a large role in this. Thus he showed how the theory of vector
bundles can be applied to the study of zero-cycles on algebraic surfaces, and
he obtained especially vivid results in the case of K3 surfaces. These articles
contain in particular the extension to the 2-dimensional case of Brill-Noether
theory of “special divisors” on algebraic curves. The construction discovered
by Tyurin led to a new direction of research: how to use a complex symplectic
structure on an algebraic surface S to construct a structure of the same type
on its moduli space of vector bundles.

At the same time, during the 1980s, relations developed between the the-
ory of vector bundles and their moduli spaces with questions of mathematical
physics (quantum field theory). This direction of study occupied Tyurin during
his last two decades. However, classical constructions from the theory of vector
bundles were frequently visible under the cloak of physical terminology. This
applies right up to the final publication of Tyurin’s life, where the terminology
of Delzant models — however exotic it may sound to the traditional mathe-
matician — corresponds to the moduli space of vector bundles on an algebraic
curve. In particular, this paper involves a role for the space P?\ V, where V is
the Kummer surface, that appeared in Tyurin’s very first paper.

There are many of his ideas that Tyurin did not himself carry to a conclusion
in a published paper, sharing them instead with the young mathematicians who
constantly surrounded him. For example, he drew attention to the paper of
Drézet and Le Potier, in which certain at first sight strange fractions appeared
as the “slopes” of exceptional bundles on P?. He succeeded in interesting
young mathematicians working at the time in A.N. Rudakov’s seminar in these
questions. They succeeded in linking them with Markov numbers, braid groups,
derived categories,. ... This led to a beautiful theory, in which the impact of
Tyurin’s influence will probably be felt for a long time to come. The same
applies to many of the scientific impulses originating with him.

As an eye-witness of the whole of Tyurin’s scientific life, from his first steps
onwards, I was constantly amazed by the extent of his emotional involvement.
This moved Tyurin himself, and attracted many young mathematicians to work
with him. It seems to me that his scientific work can best be characterized in
the words of our common beloved Aristophanes:

...like a torrent of glory rushing across the plain, uprooting oak, plane
tree and rivals and bearing them pell-mell in its wake.

Aristophanes’ Hippeis (Knights), 526

(Here “rivals” stands for scientific and logical difficulties, of course.)

I.R. Shafarevich



The geometry of moduli of vector bundles

The article originates from a short course of lectures given in |.R. Shafare-
vich's seminar at the Moscow State University, in September — Oktober
1973. The theme is the geometry of moduli of many-dimensional vector
bundles over an algebraic curve.

Russian Math. Surveys. 1974. 29:6.



Preface.

An algebraic curve is both a one-dimensional subscheme of projective space
and a Riemann surface. Hence the theory of the Jacobian of a curve has two
aspects: the geometric and the analytic. The geometric theory of the Jacobian
is the description of its properties as a projective variety, above all, of those
properties that are preserved under variations, that is, the geometry of Abelian
varieties.

The analytic theory of the Jacobian is the theory of #—functions. From
the geometric point of view the Jacobian = the Picard variety = the variety
of moduli of one-dimensional bundles of degree 0. From the analytic point
of view it is the manifold of one-dimensional unitary representations of the
fundamental group of the curve.

The variety S of moduli of many-dimensional vector bundles can also be
regarded both as an algebraic variety and as a set of unitary representations
of the fundamental group of the curve. In the present article we are concerned
exclusively with the geometric aspect of the theory of moduli of bundles.

The most striking result of this theory is: every ”Abelian” variety (that is,
a variation of S) is the ”Jacobian” of a curve, (that is, the variety of moduli
of bundles over some curve) (Chapter II, § 2). The geometrical ideas operating
here were suggested by Newstead, Narasmhan and Ramanan (see [8], [10] and
[13]). So that these ideas do not become lost in technicalities, we include in this
article our own proofs of the basic results of the theory. As it is self-contained,
it should allow the non-specialist to master its contents quickly.
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CHAPTER 1
Introduction

81 Various interpretations of vector bundle concept.

A vector bundle of dimension m on a manifold X is an element of
HY(X,GL(n)), where GL(n) is the sheaf of germs of mappings of X into
the full linear group GL(n).

Each cocycle h € H'(X, GL(n)) associates with an affine covering {U;} of
X aset {h;;} of matrix functions such that h;; is regular and regularly invertible
on U;NU; and hijhjrhr; =1 on U;NU; NUy. If V is an n-dimensional vector
space, then the matrix functions h;; enable us to glue together the Vy x U; into
a single variety V with projection V.—— X 7 1(U;) = V, x U;. This triple
(V,m, X) is again called a vector bundle.

In algebraic geometry vector bundle have four different interpretations.

I. The sheaf interpretation. A vector bundle is a locally free sheaf on
X.

More precisely, with a bundle V' we can associate its sheaf V of germs of
sections. This is a locally free sheaf. Conversely, each locally free sheaf is the
sheaf of germs of sections of a unique bundle V. The rank of the locally free
sheaf is the dimension of the bundle.

This association has become so habitual that V and V are not even distin-
guished notationally.

II. The geometric interpretation. Over the complete variety X a vector
bundle V' as a variety is neither affine nor complete. There is a simple method of
turning it into a complete (compact)variety, the operation of projectivization.
Let P(Vy) be projective space corresponding to the vector space Vp. Then
P(Vp) x U; can be glued by the same matrices h;; into projective variety P(V)
with projection 7 : P(V) — X. This is now a complete variety, a geometrical
object. It is easy to see that P(V) = P(V’) if and only if there is a one-
dimensional bundle L such that (V') =V ® L.

The bundle 7*(V) on P(V') contains a one-dimensional ”tautological” sub-
bundle L whose fibre L, at the point p € P(V) is the same one-dimensional
subspace that defines the point p of the projectivization P(V). The bundle
T = L* is called the anti-tautological bundle on P(V).

23
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The pair (P(V),7) uniquely determines the bundle V' on X (in fact, con-
structively, by V = (R7(7))*).

Projectivization is the simplest but not the only method of associating
with a vector bundle a bundle with a complete fibre. Let k be an integer

with 0 < k < dimV. Then G4(V) —— Xis a bundle on the Grassmann
manifolds of k-subspaces of fibers. It is a compact manifold. In 7*(V') there is
a sub-bundle E of dimension k, whose fiber over a point of the Grassmannian
is the subspace corresponding to that point. The bundle 7 = E* is called the
anti-tautological bundle over G (V).

The pair (Gg(V), 7) uniquely determines V on X: constructively, by

V = (Rx(1))*.

It is clear that P(V) = G1(V).

III. The arithmetic interpretation. A vector bundle is a class of matriz
divisors.

Let X be a curve. A matrix bundle on X associates with each point z € X
a functional matrix M, in such a way that there are only finitely many points
x € X at which M, is not regular and regularly invertible at x. The assignments
M, and M/ are equivalent if M_ 1M is regular and regularly invertible at z
for every .

A class of matrix assignments is called a matriz divisor. The matrix divisors
M, and M/ are equivalent if M/ - M ' = G is a matrix of rational functions
on X not depending on the point x € X.

The concept of a matrix divisor is analogous to that of a divisor, and the
connection between matrix divisors and vector bundles is the same as that
between divisors and one-dimensional (linear) bundles.

IV. The analytic interpretation. Among the vector bundles there are
those obtained from a representation p of the fundamental group 71 (X) in the
full linear group GL(n). These are the so-called flat bundles. Their precise
construction is the following: let p : m(X) — GL(n) be a representation
of the fundamental group, U the universal covering manifold of X, and Vj an
n-dimensional vector space. Then m(X) acts diagonally on U x V;, that is,
g(u,v) = (g(u), pg(v)) and U x Vo /m1(X) =V is a bundle on X.

The condition for a bundle to be flat is purely algebraic [2] and for curves
is very simple.

These four interpretations of a vector bundle can be well illustrated in the
one-dimensional case.

EXAMPLE. One-dimensional bundles. This example is well-known to every-
body. We only recall that the equivalence of a divisor class with a locally free
sheaf of rank 1 provides the divisors with higher cohomology; in fact, cohomol-
ogy first entered into arithmetic through this equivalence.

The geometric interpretation gives nothing for one-dimensional bundles,
since P(V) =X and 7 = V*.
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A one-dimensional bundle can be obtained from a representation of the fun-
damental group if and only if its Chern class is 0. Hence we get the analytic con-
struction of the Picard variety: Pic X = {set of unitary characters of 1 (X)}
[14].

The one-dimensional case is the intuitive mental baggage on which we de-
pend in this article.

We recall some techniques of the geometric interpretation in the many-di-
mensional case, which are tautologous or lacking in the one-dimensional case.

These simple methods play such an important role in what follows that we
have decided to devote a separate section to them.

§ 2 Exact triples of Grassmannizations.

Let Vy be an n-dimensional vector space and G (Vp) the Grassmann mani-
fold of k-dimensional subspaces in V.

Let Vi denote the trivial bundle on G (Vp) with fibre V5. Then V| contains
a sub-bundle E C Vthat is tautological, that is, the subspace h C Vj is itself
the fibre Fj at the point h € G(Vp). The bundle E* = 7y, is called anti-
tautological. We have the embedding

0 — 77, — Vo

To describe the factor bundle, we note that G (Vp) = G- (V) on G (Vo)
is the second antitautological bundle 7y+, and is also the factor bundle:

(1) 0 —> 74, — Vo — m;: — 0.

The dual triple

O—»T{*/O*—»VS—»TVO—»O
corresponds to the right-hand side of the equation
Gr(Vo) = Gn—r(Vy) .

The bundles 7y, and 7y, have very simple cohomology.
Proposition 1.

1) H'(G(Vo),75,) = 0 for all i

2) H(Gr(Vo),mv,) = V3

3) H(Gi(Vo),mv,) = 0 for all i # 0;
4) H°(Gr(Vp),Endy,) = C;

5) H'(Gy(Vo), Endry,) = 0, > 0.
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This will be proved later.
It is easy to show (and even easier to recall), that the tangent bundle to
the Grassmannian coincides with Hom(7y, , 7v;+ ):

(2) O(Gr (Vo)) = v, © vy

Now let V' be a vector bundle on X and 7 : G(V) — X its Grassman-
nization. Then 7*(V) Contains the tautological bundle E = 7, and 7y is the
anti-tautological bundle. Since G (V) = G,—;(V*), we have, analogously to

(1):

00— 17 — 7V — 7v» — 0 (L.Geet.).

Definition 1. This exact triple of bundles on Gy (V) is called the first
Grassmannization exact triple (or I.G.e.t., for short).

Thus, if x € X is a point and V,, the fibre of V' over z, then the Grassman-
nian Gy (V) is the fibre of Gp (V') over x, Tv |g,(v,)= Tv, and the restriction
of 1.G.e.t. to G (V) gives (1).

Let Gi(V) —— X be the projection of the bundle. The symbol Rir, as
usual, denotes the i-th direct image of a sheaf.
Proposition 2.

1) Rinry =0 for any i;
2) ROrry = V™

3) Rinry = 0,1 > 0;

4) R°7Endry = Ox;

5) RirEndry =0, > 0.

PROOF. Applying the see-saw principle [7], we find that assertion j) of
Proposition 2 follows from the corresponding assertion of Proposition 1 when
j is odd.

We consider the triple on G (V') dual to I.G.e.t.:

00— e — TV — 7y — 0,
and the direct image functor
0 — R'7ry. — R'7(7*V*) — Rn(1v) — R'7ry..
But RO77i. = Rlmr. by 1). In addition,
Rn(m*V*) =V* @ R1O0g,v) =V ® Ox = V*.

Hence we get the isomorphism 2).

Let F be any bundle. Then EndFE splits into the direct sum EndE =
I ®ad F, where I is the trivial one-dimensional bundle and ad F is the bundle
on the endomorphisms with trace zero.
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Definition 2. The bundle ad F is called the adjoint bundle of E.
Clearly, if L is a one-dimensional bundle, then

ad(F®@L)=ad F, ad E*=ad E, (ad E)*=ad E.

Thus, Endry = I @ ad 7v and, According to 4) of Proposition 1,
R7Endry = R'7(Og, (v)) = Ox. This proves Proposition 1.

The projection G%(V) —— X is nowhere degenerate, and we have the
epimorphism of tangent bundles

0GL(V) T 10X — 0;

the kernel of dr is called the relative tangent bundle and is denoted by ©.
It is easy to obtain a formula analogous to (2): O, = 7y ® Ty~. Multiplying
[.G.e.t. by 7y, we get the triple

0 — Endry — 7*(V) @717y — 0, — 0 (IL.G.e.t.),

which is called the second Grassmannization exact triple (IL.G.e.t.).

The bundle ©F = Q. is called the relative cotangent bundle or the bundle
on relative differentials.

Proposition 3.

1) R°70, =ad V;

3) R'7Q, = Ox;

)
2) Rin©, =0,i>0;
)
4) RinQy =0,i# 1.

PROOF. We apply the direct image functor to I1.G.e.t.:

0 — R'7Endry — Ry @ 7(V) —

——+ R°70, — R'7Endry —

But Rinty @ (V) = V ® Rinmy and, According to 2) and 3) of Proposition
2, ROy @ m*V =V @V* =EndV Rnry @ m*V =0, i > 0. Identifying the
extreme terms of the resulting sequence by 4) and 5) of Proposition 2, we get

0 —> Ox — EndV — R’70,, — 0

and it is clear that the embedding Ox —— EndV corresponds to the endo-
morphisms of multiplication by a constant. Note that, by definition R'70, =
ad V. Assertion 2) follows immediately from 5) of Proposition 2. We invert

IL.G.et.:
0— Qp — (V") @7, — Endry — 0
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and apply the direct image functor:

0 — R7Q, — V* @ R’rryy — Ox — R'7Q, —

— (V)@ Ry — -+

But by 1) Proposition 2 Rin7y> = 0, and by 5), RimrEndr, = 0. Hence all
that remains of the sequence is the isomorphism

0—> Ox — R'7Q, — 0,

as required.
Now let F be an arbitrary sheaf on G (V). The projection

Gr(V) — X

enables us to decompose the cohomology of F on G (V) into the cohomology
of the direct image of F in X:

HY(X,RInF) = H*(Gp(V), F).

Applying this spectral sequence to the bundles 7, ©, and 2, we obtain the
next result.
Proposition 4. For any i:

1) H%Gk(V),Tv) :Hi(X,V*);
2) H'(Gx(V),0) = H'(X,ad V);
3) HHY(GL(V), Q) = H(X, Ox).

Note that in the last case HtY(Gy(V), Q) = HY(X, R'7Q,); because of
this the dimensions are not the same.

So we see that the cohomology of Qx on Gr(V) does not depend on the
bundle V.

In the special case k = 1, Grassmann manifold is projective space G1(V) =
P(V) and Grassmannization is called projectivization. In this case 7y is a one-
dimensional bundle and I.G.e.t. is obtained from II.G.e.t. by multiplication
by 7. In the many-dimensional case we cannot do this and are forced to have
two exact triples.

Note now that for k = 1, that is, for projective space, Proposition 1 is well
known: Ty, is the hyperplane bundle and Endry, = Op, ,.

We now prove Proposition 1 for any k.

PROOF OF PROPOSITION 1. We consider the projectivization of the bundle
T on Gi(Vp):

P(1) > G(Vp) .

Let 7 be the one-dimensional anti-tautological bundle of this projectivization.
Then H°(P(7),7,) = Vg and we get a mapping ma : P(1) — P(Vp), given
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by the linear kernel | 7, |. If h is the one-dimensional hyperplane bundle on
the projective space P(Vp), then

(3) 7 = m5(h).

But geometrically 72 can be split into the embedding P(r) — P(V) x X
and the projection onto P(Vp). Thus, the fibre 7, *(p) is the manifold of k-
subspaces Passing through the point p in P(Vp), that is 75 ' (p) = Gr_1(Vo/p).
Hence my : P(1) —— P(V}) is a locally trivial bundle on the Grassmannians.
(More precisely, P(1) — P(Vp) is Gr_1(©P(V;)), the Grassmannization of
the tangent bundle to the projective space.) The spectral sequence

HY(P(Vy), R'ma(1)) = HY(P(1),7) = H(G(Vo), v,
degenerates into the isomorphism H'(P(7),7,) = H'(P(Vy),h), since by (3)

0, fori >0

R'my(7r) = h & R'ma(Op(r)) = { 1, fori =0

since a Grassmann manifold is regular.
1), 2) and 3) of Proposition 1 follow from this, as do 1), 2) and 3) Proposition

: Assertions 4) and 5) of Proposition 1 can be restated as follows:
HY (Gr(Vo),ad 1y, =0 Vi

that is

(4) H'(P(7),0,) = 0.

(Here we have used Proposition 3 for projectivization.)

The following argument is the exact prototype of the basic core of the whole
article (see Chapter V, § 1, diagram (27)).

I. We have two projections of the variety P(7):

P(r)
VAN

Gr(Vo) P(Vy)

Here P(T) = G1(7), and it is easy to see that relative to the second projec-
tion
P(T) == Gk_l(@P(Vo)) .
II. It is easy to see that Or, = 7§ p(y,); In words: the relative tangent bundle

of the first projection is the tautological bundle of the Grassmannization of the
tangent bundle for the second projection.
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From this (4) follows automatically:
H'(P(7),0x,) = H(Gi-1(0P(V)), 7o p(1)) = 0

by 1) of Proposition 2, which has already been proved. This completes the
proof.

8§ 3 Special properties of bundles on curves.

Let V' be a bundle on a manifold X of dimension n. Then we can apply to V'
the sheaf operations of exterior powers A’V (i =1,---). For i > n, AV =0,
and A"V = det V is the one-dimensional bundle called the determinant of V.

In this article we consider bundles over an algebraic curve X. Naturally,
they have special properties, which simplify their investigation.

In this section we list these properties.

In the first place, every one-dimensional bundle L on X determines an
integer, its degree deg L, the degree of the divisor to which it corresponds.

For a many-dimensional bundle V'

degV = degdet V.

This integer not only splits the variety of classes of bundles into components,
but also enables us to distinguish the components of highest dimension, the
stable bundles.

Definition 3. A bundle V on a curve X is called stable, if for any proper
sub-bundle M C V'

deg M < degV
dimM ~ dimV’

()

Multiplication of V' by a one-dimensional bundle L adds deg L to each side
of the inequality (5), and so does not alter it. Hence stability is preserved under
multiplication of V' by a one-dimensional bundle.

Next, for V* this inequality is multiplied by -1, but M* becomes a factor-
bundle of V*, and the inequality is preserved for the kernel. Thus, stability is
preserved under inversion.

Intuitively, this numerical concept of stability means nothing to people who
do not work with bundles. Hence, for the time being, stable bundles may be
thought of as bundles forming the component of maximum dimension in the
set of classes, and having no non-trivial endomorphisms.

As we have already noted in § 2, the bundle EndV is the direct sum of the
trivial bundle I and ad V. Therefore, also for sections we have: H(X, EndV) =
I® HY(X,ad V). The sections of the sheaf ad V' are those endomorphisms of
V' for which the image is a proper subbundle in V; such endomorphisms are
also called non-trivial.
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If e € H°(X,ad V), then E can be represented as an extension
0 — kere — E —— Ime — 0;

here deg E = degkere + deglme and dim ¥ = dimkere + dimIme. Then
the fraction g;’flg lies between gffligee and gf’ngllﬁ?lz and is less than one of
them, violating the inequality (5). Hence stable bundles have no non-trivial
endomorphisms.

On a curve X every point is a divisor. This leads very easily to the first
property:

PROPERTY 1. As an element of the K-functor, every bundle on a curve
is a sum of one-dimensional bundles.

More simply, this means that every bundle can be represented as a chain of
extensions of one-dimensional bundles.

PROPERTY II. If V is generated by global sections, then it has an (n—1)-
dimensional trivial subbundle, that is, V can be represented in the form of an
extension

(6) 0—> Iy g —> V —> detV — 0.

Let HO(X,V) = H°X,V) x X be the trivial bundle on X with fibre
H°(X,V). The mapping H°(X,V) —%> E, p(s,z) = s(z), is an epimor-
phism if and only if vector of the fibre is generated by global section. Consider
ker o and the projection of kery into H°(X,V). This projection is layer-
wise linear and we can projectivize it: f : P(kerp) — P(H°(X,V)) =P,
codimp f(P(ker ¢)) > (n — 1). But f(P(kery)) C P is a manifold of sections
having zeros. Thus, any subspace not intersecting f (P (ker ¢)), consists of non-
vanishing sections and so defines a trivial sub-bundle on V. Hence it follows
that a subbundle I,,_; not only exists in V', but can be chosen so that it passes
through an arbitrary point of V.

PROPERTY 1II. Let V be an arbitrary stable bundle of degree d on X.
Then there exists an integer N(d) such that if L is any one-dimensional bundle
of degree > N(d), then V' can be represented in the form of an extension

(7) 0— L*'®I,  — V — detV®L" ' — 0.

The previous property reduces this assertion to the following.

There exists an absolute constant Ny such that any stable bundle of degree
> Ny is generated by global sections (is very ample).

Let V(—z) = V ® L*(z), where L(z) is the bundle corresponding to the
divisor z.

Suppose that the fibre V, over x € X is not generated by global sections.
This means that the increase of the sections dim H(X,V)—dim H°(X,V(—x))
is less than the increase in the Euler characteristics x(V) — x(V(—z)) =
dimV = n, but this is equivalent to H'(X,V(—z)) # 0. Then, by Serre
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duality, H%(X,Q® V*(x)) # 0, where  is the one-dimensional canonical bun-
dle on X. A section of Q®V*® L(x) determines a subbundle M of non-negative
degree, but Q ® L(xz) ® V* is stable, so that

0<degM < —degV +n(2g —1).

It follows that if degV > n(2g — 1) and V is stable, then V is generated by
global sections.

8 4 Variations of bundles.

The example of one-dimensional bundles on a curve already shows that
bundles have moduli, that they depend on algebraic parameters and can be
varied.

We consider first the theory of local variation of bundles.

We note at once that the association of the one-dimensional bundle det V'
with V' reduces the classification of bundles to the description of bundles with
a fixed det V and the description of classes of one-dimensional bundles, which
is already known.

Here it does not matter what value the determinant takes, since for a one-
dimensional bundle L

det(VQRL)=detV®L",

and by such a multiplication we can reduce det V' to an arbitrary bundle of the
same degree.

In addition, the classification of bundles V with fixed determinant coin-
cides locally with the classification of the projectivization P(V'), since there
are only finitely many bundles V with the same determinant and the same
projectivization.

But P(V) is a compact non-singular variety, and we can apply to it the
theory of local variation of Kodaira and Spencer [4].

According to this theory, if M is a piece of the variety of moduli around a
point of P(V) and H?(P(V),0P(V)) = 0, then

@Mp(v) = Hl(P(V),@P(V)),

that is, the tangent space to the set of variations at a point of P(V) is a
one-dimensional cocycle with coefficients in the sheaf of germs of vector fields.
Let us investigate the corresponding cohomology spaces. The variety

P(V) "+ X



Chapter 1. §4 Variations of bundles 33

is fibered by the projection 7 on X, from which we get an exact triple on P(V):

(8) 0—» 0, — OP(V) “Is 77 (0X) — 0.

We now recall equation 2) of Proposition 3 in §2:
HY(P(V),0,) = H(X,ad V).

Also HY(P(V),7*(0X)) = H'(X,0X). But X is a curve, therefore, H* (X, *) =
0 for ¢ > 1, hence of the whole cohomology sequence of the triple (7) there re-
mains the exact triple

(9) 0— H'(X,ad V) —> OMpy) — H'(X,0X) — 0.

and H2(P(V),©P(V)) = 0. This means that locally the variation of a projec-
tive bundle decomposes into the variation of the base X (H' (X, ©X) is tangent
to the variety of moduli of the curves at the point of X), and the variation of
the bundle with fixed base.

Here we must pause. The inertia of the classificatory idea urges us to use
this decomposition, to forget about the variation of the curve, and to study only
the variations of the bundles with fixed base. But if we return to the example
— fundamental to our intuitive baggage — of a one-dimensional bundle, we
see that such a decomposition should be avoided at all costs.

In fact, the theory of variations of a one-dimensional bundle, that is the
theory of the Jacobian variety of a curve, originated in the middle of the last
century as the theory of theta-functions, which combined both the variations of
the divisor and those of the curve. The unity is not broken, and the price of this
is known to any geometer who has ever translated properties of the singular
points of the Poincaré divisor of the Jacobian of a curve into the language of
moduli of the curve itself.

The theory of the Jacobian of a curve gave rich information about the
variety of moduli of curves, and we shall try to present here the theory of
variation of many-dimensional bundles so that this information is increased.
The étale theorem, the symmetry theorem and Torelli’s theorem to be given
below show that the many-dimensional theory reflects the properties of curves
more precisely, and it is possible that with its help we may succeed in getting
decisive information on the geometry of varieties of moduli of curves.

This remark touches on the general direction of our thought, but meanwhile
even the local variation, the triple (8), enables us to count the number of
moduli of bundles on a fixed curve with a fixed determinant. This number
is equal to dim H'(X,ad V), and for a ”general” stable bundle it is equal,
by the Riemann-Roch theorem, to x(ad V), since H°(X,ad V) = 0. Now
degad V = 0, hence x(ad V) = dimad V - (g — 1) = (n® — 1)(g — 1), where n
is the dimension of the bundle.

We now turn to the global variation, that is, to the global variety of moduli.
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The only correctly stated problem on the global variety of moduli is the
”universal problem” of Grothendieck. For bundles with fixed base and fixed
determinant it runs as follows.

I. There exists a quasi-projective variety Sy 4 and n-dimensional bundle Uy, 4
on the direct product X x S, q such that:

a) for any stable bundle V- on X with dimV =n,degV = d , and with fized
determinant there is a unique point s on Sy q such that V= U |(xxs);

b) for any bundle V on X x B, where all bundles V' | x xy) are stable and have
the same determinant, there exists a regular morphism ¢ : B —— S, 4
and a one-dimensional bundle L on Sy, 4 such that V= (1 x ¢)*(U®prgL).

We recall once more that by multiplying a bundle by a one-dimensional
bundle we can make its determinant arbitrary, and its degree has the same
residue modulo n.

Thus, the possible suffixes n and d of the series of varieties .S, 4 are arranged
as follows: n runs through all integers and d runs through all residues modulo
n.

Proposition 5. 1. For any given (n,d) there exists a quasi-projective vari-
ety Sp.a, parametrizing the classes of stable bundles of dimension n with fized
determinant of degree d.

IL. If n and d are coprime, then on X x Sy, q there exists a universal family
Un,qa with the properties a) and b). In this case S, q is a non-singular compact
variety.

I is a simple special case of Mumford’s general theory [5]. II is in [14].

Note that if n and d are not coprime, then no universal family exists on
X x Spa ([13] and [11]).

However, for projective bundles there always exists a universal family that
is not the projectivization of a vector bundle and is locally isotrivial, but not
trivial [5].

In what follows, we do not need the suffixes n and d and we shall consider
a non-singular compact variety S and a universal bundle U on X x S, that is,
the case when (n,d) = 1, And we shall specially mention all the results that
hold for arbitrary n and d. As a simple consequence of the universal problem
we have:

Proposition 6. S is unirational.

PROOF. For any stable bundle V' we have the representation (7)

00— I, 1L —V —» detV@L" ! —» 0,

where L is a one-dimensional bundle of sufficiently high degree.

The set of such extensions is given by the following projective space: P =
P(HY(X,det(V*x L*)®1,)) [2]. We can collect all the extensions into a family
with base P, and an open set Py in P is formed by the stable bundles. (We
shall meet this in Chapter III, §2). Then we have a mapping ¢ : Py — S into
the set of classes. This is a rational uniformization, which proves the theorem.
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It is not much harder to prove the rationality of S (Newstead [12]).



CHAPTER 2
The Poincaré bundle

81 The adjoint Poincaré bundles.

Thus, let us consider a universal family, that is, a bundle U on X ® S.
We can regard it as family of bundles on X and as a family of n-dimensional
bundles on S parametrizing the curve X.

Definition 4. The bundle U, = U |[;xs) on S is called the Poincaré
bundle.

We note, first of all, that this definition depends on choice of the universal
family U on X ® S. It follows from property b) of the universal family (see § 4
Chapter I) that, for any one-dimensional bundle L on S,

U' =Uw®prgL

is also universal, and any universal family is of this form.

Hence the Poincaré bundle U, is only determined up to multiplication by
a one-dimensional bundle, that is, only the projectivization P(U,) is uniquely
determined.

This concept is entirely vacuous in the one-dimensional case. To define a
Poincaré vector bundle uniquely we need the normalization of the universal
bundle on X ® S.

The Riemann normalization. In the one-dimensional case S = Pic X,
the universal bundle U on X x Pic X corresponds to a divisor D on X x Pic X.
Suppose that D is effective and that H°(X x Pic X,D) = C. Then D is
uniquely determined, and D, = © C Pic X is called the Poincaré divisor ([7]).

Normalization in the many-dimensional case. As will be proved a
little later (the theorem on h*!), Pic S = Z. Hence the bundle on S also have
degree degdet V. The Poincaré vector bundle U, on S is uniquely determined
by the inequalities 0 < degU, < n.

Definition 5. The bundle ad U, is called the adjoint Poincaré bundle on
S.

The adjoint Poincaré bundle is completely unique because ad (U, ® L) =
ad U,.

Hence, there are two families of bundles on S: U, and ad U,, parametrized
by the curve X.

36
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THEOREM 1. The curve X is the variety of moduli for the Poincaré
bundle.

Let S(V) be the connected component of the variety of moduli of bundles
on a manifold M containing V. Then S(U,) = X for any bundle U, on S.

If, as in the one-dimensional case, we could fix a ”polarisation” on S, the
Poincaré bundle U,, then the construction of Torelli’s theorem would be quite
simple: S(Uy,) = X.

Note that in the one-dimensional case there is no such simple reconstruction
of the curve X from the Poincaré divisor, because in this case S(©) = Pic X.

The proof of Theorem 1 is divided into two parts.

THEOREM 2. All the Poincaré bundles are distinct, that is, U, 2 Uy,
x#x.

It follows that X — S(U,) is an embedding. For X to coincide with a
component of S(U,), it suffices to prove that S(U,,) is one-dimensional, or, what
comes to the same thing, that the tangent space to S(U,) is one-dimensional.
According to the isomorphism for local variation, ©S(U,)y, = H(S,ad U,).
Hence the second step of the proof is purely cohomological.

THE NARASIMHAN-RAMANAN THEOREM. For any x € X

H'(S,ad U,) = H"1(S,05)

for i < Ngy(n), where Ny(n) is a constant depending only on the genus g of
the curve and the dimension n of the bundle. A crude estimate is: Ny(n) <
%Z(g — 3)(see Chapter V, §1).

This theorem has no analogue in the one-dimensional case. The proof of
Theorem 2 is an analogue of the theory classically known as the ”inversion
problem”. To make the analogy clear we recall the geometrical part of the
”inversion problem” in the one-dimensional case.

I. An immersion X <> Pic X = S is constructed such that the restrictions
of the Poincaré divisor O to all the variations of ¢ give all the classes of one-
dimensional bundles. On the other hand, the restrictions of the divisors ©,
to ¢(X) give different divisors on X. Hence it follows finally that ©, % O,/,
x # x’ on Pic X.

II. The immersion X <> Pic X has the simple topological property:

¢, : Hi(X,Z) — H;(Pic X,Z)

is an isomorphism. In fact, it is defined by this property. The isomorphism ¢,
induces an isomorphism of the Albanese variety A(X) = Pic X.

In the many-dimensional case an analogous mapping ¢ : X —— S can be
constructed having the ”inversion” property. Also we can construct a mapping
of the direct product P! x X —%» S such that for each point of the projective

line p € P! the mapping ¢ l(px x) is an “inversion” mapping and

(10) ¢t Hy(X x P',Z) — Hy(S,2)
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is an isomorphism. It induces an isomorphism J(X) =2 J3(S) between the
Jacobian of the curve X and the third intermediate Jacobian of S (for definition
see [17]).

In Chapter IV we shall construct ¢, establish the isomorphism (9), and
show that

U, ‘gp(XxPl)z Uz |<p(X><P1)

for z # 2/, from which the assertion of Theorem 2 follows. Chapter V is devoted
to the proof of the Narasimhan-Ramanan theorem, but now we obtain all the
geometrical consequences of it and Theorem 2.

§ 2 Tensors.

Let U be the universal bundle on X x S. Then Rlprgad U = ©S is the
tangent bundle to S. This statement globalizes the local statement ©S; =
HY(X,ad Uy), where Uy = U |(x,s), and s is a point of S.

THE SYMMETRY THEOREM. Rlprgad U = ©X.

PROOF. By the Narasimhan—-Ramanan theorem,

H*(S,ad U,) =0 and H'(X,adU,)=

do not depend on . By the see-saw theorem ([7]), R'pry ad U is a locally free
sheaf of rank 1. The family of bundles {U,}, = € X, determines a homomor-
phism of the local variation

OX — R'pryad U.

Since by Theorem 2 the variation is non-trivial, this homomorphism is an em-
bedding and the equality of dimensions shows that it is an isomorphism.

Two Leray spectral sequences converge to the space of sheaf cohomology of
ad U on X x S:

H*(X x S,ad U)

/\

HY(X,R’pr,ad U) H(S, Ripr, ad U)

But Ripr,ad U =0, j < Ny, j # 1, by the Narasimhan—-Ramanan theorem,
and Ripr,ad U = 0, j > 2, since the fibre of the bundle pr, is one-dimensional,
and Rpr,ad U = 0, since H°(X,ad U) = 0, because Uy is a stable bundle on
a curve (see Chapter I, §3). Thus, in dimensions < N, the spectral sequence
reduces to the isomorphisms:
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(1) / \

H™YX,R'pr,ad U) =———=——= H" (S, R'pr,ad U)

As a corollary we obtain some important theorems.

THE AUTOMORPHISMS THEOREM. The group of biregular automorphisms of
S is finite.

PROOF. H?(S,05) = H°(X,0X) = 0 hence, the group of automorphisms
is discrete. Also, the anticanonical bundle of S is ample. Finiteness now follows.

THE ETALE THEOREM. H'(X,0X) = H!(S,059).

This isomorphism has the following interpretation.

Let M. be the variety of moduli of curves, and Mg the variety of moduli
of S (that is, of variations of S as a variety). Then the correspondence X H
~——> S induces a morphism M, N Mg. At X € M, the tangent space
to M, is identified with H'(X,0X), and at S = f(X) with H(S,0S). The
isomorphism of the theorem can be interpreted as df, the differential of f,
and so f is étale, that is, the local Torelli theorem holds for X t~— S|
furthermore, it follows from the global Torelli theorem (see [15] or Chapter III)
that f is an isomorphism:

The variety of moduli of S coincides with the variety of moduli of curves.

This many-dimensional effect is absent in the one-dimensional case, since
then Mg = M, is the variety of moduli of Abelian varieties. The mapping
M, . M, is an embedding (Torelli’s theorem), but the image is not the
whole of M, and has a complicated description by Shottky relations (see also
).

THE THEOREM ON h*1. HY(S,QS) = H'"Y(X,Ox) for i < Ny(n)

ProoF. By Serre duality,

(R'prgad U)* = Roprg(pryQX ® ad U).
Again we use two spectral sequences:

H*(S x X,pryQ2X®ad U)

T

H'(S, Riprg(pryQX ®ad U)) HY (X, QX ® Ripry ad U)
It follows from the stability that for j # 0
Riprg(pryQX ®ad U) =0 and Rprg (priyQX ® ad U) = QS.

By the Narasimhan-Ramanan theorem, R/pry ad U = 0, j # 1 (within the
necessary limits), and R'pry ad U = TX by the symmetry theorem. Hence we
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obtain isomorphisms

HY (S x X, pryQX @ ad U)

(12) / ) \

H'(S,Q8) H™Y(X,0x)

and tensor invariants

RO (S) =0, RBVN(S)=1, B*Y(S)=g.

COROLLARY. Pic (S) = Z.
REMARK. For i = 2 the isomorphism (12)

H>Y(S) = HY(X)

can be interpreted as the differential of the isomorphism

which will be constructed in Chapter IV.

8§ 3 Problems and conjectures.

The problems and conjectures scattered throughout the article and collected
in this section indicate certain directions of thought. We do not insist by any
means on their competitive value. Many of them are obviously not difficult and
are simple exercises, but they either fill out the general picture or underline
the analogy with the classical theory (n = 1).

First of all, if n and d are not coprime, then S is not complete, but it
can be completed by a standard method (Seshadri [14]) and the completion
desingularised. Let S be the resulting variety. As already mentioned, there is
no Poincaré bundle U, on 5, but there is its adjoint ad U,.

PROBLEM 1. Do the theorems of the previous section hold for S?

On the curve X there exists a series of bundle canonically connected with
the curve:

E¥(X)=RFpryadad ---ad U

n times

We know that EY = 0 and Ef = ©X. There is the same series on S:
E¥(S) = RFprg ad ad --- ad U,

EY=0, El=08S.
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PROBLEM I1. What are the bundles E¥(X) and EF(S)?

Apparently they are bundles on jets.

By the theorem on automorphisms, the group AutsS is finite.

Let J,(X) be the group of points of order n on J(X), that is, the group of
divisor classes of order n on X. This group acts in the following way on S:

ceJ(X), E°=FE®L(0).

It is clear that det £? = det £ and that stability is preserved.
CONJECTURE. There is a central extension

1 Jo(X) — AutS — AutX — 1

where AutX is the automorphism group of the curve X.
This conjecture has been proved by Newstead [10] in the case n = 2, g = 2.
It is needed for the construction of an analogue to the theory of theta-constants
of Mumford’s method [6].
Finally: PROBLEM III. Calculate all the hP9(S).
CONJECTURE. Ht9(X, Q%) = H*P(S Q) for any independent q and p.



CHAPTER 3
Elementary operations and their variations

§1 Elementary operations.

I. An elementary operation on the divisor of a curve X is the addition of a
point « € X to the divisor or the subtraction of a point £ — z; in the language
of sheaves this means:

e

0 — elm,L(§) — L(¢) - 0, — 0,

where « is any non-zero homomorphism into the skyscraper O, over z € X.

In the many-dimensional case we consider a k-dimensional subspace g € V,,
in the fibre of a bundle Y over the point x € X. This uniquely determines the
epimorphism

% a(g) Og—k 0,

where O =¥ is the skyscraper of dimension z € X over n—k, where n = dim V.

In fact, as a homomorphism into a skyscraper, a(g) is uniquely determined by

its restriction a(g), to the fibre over z, and «(g), is uniquely determined by

the condition ker a(g), = g. The kernel of a(g) is a locally free sheaf.
Definition 6.

1) The kernel of a(g) is denoted by the symbol elm”(¢)(V).

2) The operation V ~~ elm”(g)(V) is called an elementary operation of de-
gree k.

3) The exact triple
0 — elmb(g)(V) —» VL onk L0 (act)

is called adjoint exact triple (a.e.t. for short).

42
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It is clear that dimelm”(¢)(V) = dimV. The restriction of a.e.t. to the
fibre at a point x gives a four-term sequence:
0 — keriy, — (elmf(g)(V))y —2» V, 295 on—k .

Thus, the fibre over z of the bundle elm” (¢) (V) contains the (n—k)-dimensional
subspace keri, = ¢’. It is easy to see that

(13) V @ L*(z) = elm™ ¥ (ker i, ) (elm” (9) (V).
From a.e.t. it follows immediately that
(14) detelm”(g)(V) = det V — (n — k)z.

Proposition 7 (ITERATION OF OPERATIONS). Suppose that V,
contains two subspaces g1 and gs, with g1 C go, dimg; = ky, dim gy = k1 + k.
Then (elm® % (g5)(V)), contains the subspace i (g1) and

(15) elmy' (g1)(V) = elm ™" (i * (1)) (elmg ™ (g2) (V).

The proof follows at once from a.e.t.

This proposition shows that among the elm’s there is a "most” elemen-
tary one, and an elementary transformation of any stage can be obtained
from it by superposition. This elmZ_l(g)(V), which we shall simply denote
by elm, (g)(V).

The next propositions follow at once from a.e.t.

Proposition 8.

1) elm®(¢)(V® L) = L&elm (9)(V), that is, an elementary operation com-
mutes with multiplication by a one-dimensional bundle;

2) (elmg(g)(V))* = elmy ™" (g")(V*).

From the first statement it follows that an elementary operation can be
described in terms of the projective variety P(V).

However, before this description we investigate the relation between the
elm’’s and stability.

Clearly, the elm of a stable bundle need not be stable.

Definition 7. A bundle V is called superstable, if every elementary opera-
tion of any degree from V is a stable bundle.

Proposition 9 (NUMERICAL CRITERION FOR SUPERSTA-
BILITY). A bundle V is superstable if and only if for any proper subbundle
McCV

degM  degV  dimV —dim M
dmM " dmV  dmV
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PROOF.We have the inclusion

0 —— elm¥(g)(V) 2> V —% Ok 4 0,

L

0 - M’ - M —— O, —— 0,

where n = dim V', ny = dim M, e = dim(M, Nkeri,). Thus
M’ =elm™ " x (M, Nker i,)(M)

and e > max(0,ny — k).
We need the inequality

deg M —1 - degV — (n—k)
ny n

(16)

which is equivalent to

degM<degV_n—n1_i_<e_nl—k>7

ny n n
that is, (16) + (n% — "174“) . But the last difference is always positive. This
proves Proposition 9.

Let Sy C S be a submanifold of the classes of stable, but not superstable
bundles. It is easy to see that Sy is a closed submanifold.

2

Proposition 10. codimgsSy > “-(g — 2).

PROOF. Let us count constants. Let M; C V be a proper subbundle with
maximal ratio deg M;/dim M;. Then V can be represented as an extension
(17)

00— My —V — My — 0,

degMi:di, dlIIl‘Z\fz:nz (i:172),

degV =d=d; +ds, dimV =n =n1 + n9

If M7 is a maximal subbundle, then
1) My and M, are stable;
2) HO(HOIH(MQ,Ml)) =0.

Assertion 1) is obvious, for if M; is maximal in V', then M5 is maximal in V*.
If s : My —— M, is a homomorphism of stable bundles, then :—1 > Z—i,
di di+do Q_

hence > i

The dimension of 7‘Eile variety of all extensions (17) is equal to
dim Sy, 4, + dim J(X) + dim Sy, 4, + dim P(H' (X, Hom(Ma, M1))) =

— (= 1)(g - Do+ 0= Do - D +mrona (52 - ko) -1
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If V' is not superstable, then Z—l > % — 22 or diny > dany — ny - ng, that is,

1> % — %. Hence,
dim Sy < (n§ +n1 -n2 +n3 —1)(g — 1) + ny - na.

But dim S = (n? — 1)(g — 1). Therefore,

n2

codimgSy > ny -na(g —2) > Z(g -2),

as required.
Hence it follows that the superstable bundles form an open subset of the

variety of classes of bundles.
This completes the description of the elm’s in the language of sheaves.

II. Geometric interpretation of elm’s. We now turn from vector bun-
dles to their projectivizations. The embedding 7 in a.e.t. determines a bira-

tional morphism .
P(elmy(g)(V)) — P(V),
Which decomposes in the following way:

P(V)

~ G, G,
iy — RN
2 i P(g)
_ |
A SN -
—
— Y, N\ N
h— PV),

Plelm V), h— |—|_

Plelm V),

Puc. 1

o1 is a blow-up on P(elmV') with center P(keri,) C P(elmV),. After this
blow-up two components will lie over z: the old fibre P(elm), and the result
of the blow-up. The old fibre is a "ruled” variety, which can be retracted by

o5 ! onto the subspace P(g) € P(V),.
If V is a two-dimensional bundle, then P(V) is a ruled surface and elm,(p),

p € P(V), is the well-known elementary transformation of ruled surfaces ([18],
Chapter V).
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Every ruled surface is obtained from the trivial P! x X by a finite collection
of elementary transformations. It is easy to see that the same is true for bundles
of arbitrary dimension ([16]).

Moreover, in the same way as we can construct the Jacobian as the sym-
metric gth power of a curve, so we can construct S by ordering the elementary
operations ([16]).

III. Arithmetic interpretation of elm’s. Suppose that a matrix divisor
is given by an assignment F,, x € X. Then

va € 7é Zo,
elm,, (E;) = 1 0 >
0 7 o

Where 7., is a local parameter at g € X. The operation of multiplication by

1 0. . . .
<O - > is defined on assignments, but not on classes of assignments of matrix
To

divisors; it does not commute with multiplication on the left by A, a regular

and regularly invertible matrix. But on the set of left cosets (é 7_0 ) Az, the
o

operation is well-defined.

A choice of coset <(1) i), a € C, is a choice of g € V,, and determines
elm,, (g) (see [16]).

§ 2 Variations of elementary operations.

The symbol for an elementary operation elml;O (9)V is adorned with three
suffixes, three continuous parameters: the point z € X, the subspace g €
G (V;) and the bundle V' € S. We can vary the operation with respect to all
these parameters, obtaining a family of bundles.

The most important special cases of variations are the following.

I. Minimal variation. We fix the bundle V and its subbundle V7 in such
a way that V/V; is one-dimensional. Then {elm,V1,(V)}, x € X, is a family
of bundles parametrized by the curve X. This is the minimal variation. It is
used in the inversion problem. The determinants of the bundles of the family
are varied, and we shall “touch up” this family a little in the next chapter.
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The minimal variation can be described in terms of extensions. We have a
commutative diagram

[ )

0 —elm,(L)=L(—z) — L — O, — 0

(18) 0 — elm, (Vi,)(V) ——V — O, — 0

S

0.

and if an extension of the middle vertical column is given by a cocycle h €
HY(X,Vy ® L*), then the extension of the left column is given by the cocycle
r.(h) € HY(X, (Vi ® L*)(x)), where r, = HY(X,F) — HY(X,F(x)) is the
epimorphism of adjunction of a point induced by the exact triple

00— F — Flx) — F(z)y — 0.

II. Variation with fixed point = € X. Let T be the base of a family of
bundles on X, that is, a bundle X x T is given on W. We can then construct the
new family {elm”(g)(W;)} of all elementary transformations with fixed point
x € X. The base of the new family is G (W,) and the bundle on X x G (W)
defining the family is denoted by ELM”(W). When k = n — 1, the operation
is simply denoted by ELM,, (W).

‘We now take the most non-trivial family consisting of one trivial n-dimensional
bundle I,, on X, and apply the operation ELM,, to it (n 4+ 1)(g — 1) times:

ELM,.(--- (ELM,(Iy)) --)

(n+1)(g — 1) times

We obtain a family of bundles on X with determinant (n+ 1) x (g — 1)z. The
base of this family is a variety P(,41)(g—1), Which can be decomposed into a
tower of (n — 1)-dimensional projective bundles

(19)  Prnt1yg-1) — Platiyg-1-1 —>

Ti—1 ™1 —
— P ——+ P4 —> -+ —> P =P,

where P, ==+ P,_; is an (n—1)-dimensional projective bundle and P, = P!
is projective space. The precise inductive description of this tower is as follows.
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Suppose P; T P is already constructed. Then P11 = P(I @ Qg,_,),

that is, the bundle P;4; ", P, is the projectivization of the direct sum of a
trivial bundle and the relative cotangent bundle.

We can multiply all the bundles of the resulting family by LI~!(z) and
transform, that is, pass to the family

[pric L9 (z) ® ELM{ V6D (1))

on X X P(nJrl)(g,l).

The mapping to the class of bundles of this family gives us a rational map-
ping

©: Plat1y(g—1) — Sng-1 -

This mapping is rational, because it is not defined on the non-stable bundles.

Note that dim P, 41)g—1) = dim S, 41, and it is easy to see that it is a
mapping onto the whole of 5, 4_1.

CONJECTURE. ¢ is a birational morphism.

The case n = 2, g = 2 is very convenient for verification of this conjecture.

Consider a bundle V' with determinant 3z, where x € X is a fixed point.
Then, by the Riemann-Roch theorem, V has a section. It is easy to see that
Vgen has only one section and has no zeros. This means that Vge, is uniquely
represented as an extension

0 —> I —> Veen — L3(z) — 0,

that is, if P(H*(X, L(—=3))) = P? is the base of the family of extension, then
there is a birational isomorphism ¢ : P3 - Sa.1.

The operation of adjunction of a point x to the sheaf gives us two epimor-
phisms:

2

HY (X, L(—3z)) —» HY(X, L(—2z)) —~ HY(X, L(—z)),

which determine two projections:

™2 ™1

P}=P(H*(X,L(-32))) —» P(H' (X, L(—2x))) —> P(H*(X, L(—x)))=P",

It is easy to see that this is just the chain (19). Thus, our conjecture is true
for n = 2, g = 2. These arguments can easily be generalized to the case when
g—1=n—-1 mod n.

Our construction has an obvious generalization. Let ki,...,ky be a se-
quence of positive integers < m such that

N
Zki(n — k) =n*=1)(g—1).

We consider the family of bundles on X
ELM*~ ... ELM* (1I,,)

N times
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N

The determinants of the bundles of this family are > k; — Nn. The base of this
i=1

family is a manifold G, which decomposes into a tower of Grassmannizations

TN T _
Gy % Gy — - T G =G

N
Again we get a rational morphism ¢ : Gy — Sy, 4, where d = Y k;.
i=1
It is easy to see that we can find number k; such that

N N

> ki(n—ki)=(n*-1)(g—1) and Y k; = (any residue)(mod n) .
i=1 =1

Hence the rationality of S, 4 follows for any n and d.

For (n,d) =1 the rationality of S, 4 was proved by Newstead [12].

The variation of the elm’s with a fixed point will appear again in Chapter
V, But meanwhile we turn to the minimal variation and the ”inverse problem”.
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The geometry of the inversion problem

81 Construction of the minimal family.

Let L, be any one-dimensional bundle on X of degree 1. Then the family
{elm,(L1)}, € X, is parametrized by the curve X and

1) the mapping ¢ : X — Pic X induced by this family is an embedding;
2) px: Hi(X,Z) — H,(Pic X,Z) is an isomorphism;

3) the mapping ¢ solves the inversion problem, that is, the family of bundles
(vary)*(©g), where Oy is the Poincaré bundle on Pic X, and varp) are
all possible variations of ¢, is universal.

In the many-dimensional case the construction is more complicated, but the
idea is the same. Let E C Ep; then in the family of bundles {elm,(E;)(Eo)}
the determinants change, and by extending each bundle by a one-dimensional

one }
0 — elm,(E,)(Fy) — E — L(z) — 0,

we obtain a family with constant determinant.
But {elm,(E,)(Ep)} is itself an extension (see. (18)):
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so that E is an extension of a constant bundle E and a non-trivial two-
dimensional one.

Only this two-dimensional bundle requires a careful description; inciden-
tally, it solves the inversion problem for two-dimensional bundles .

A bundle on X x X giving a family with a mapping into the classes ¢ :
X —— S solving the inversion problem is not unique, from the very concept.
We look for the bundle V' on X x X among the symmetric bundles.

Definition 8. A bundle V on X x X is called symmetric, if i*V =V ® L,
where ¢ is the involution that interchanges the direct factors, and L is a one-
dimensional bundle.

Definition 9. A bundle V is absolutely symmetric, if i*V = V.

Consider on X x X the extension

(20) 0 — L(-A) — Vo — L(A) — 0,

where A is divisor of the diagonal on X x X, and the space H!(X x X, L(—2A))
giving all such extensions. Let

(21) 00— —2A — —A——» —A|jp —0
be the exact triple of the adjunction and
(22) 0 — QX — R'pr;,(—2A) — R'pr;(-A) — 0

a piece of the exact sequence of the direct image functor relative to the projec-
tion pr; on a factor of the direct product.

From
00— —A—> Oxyx — Op —0

and

0 — R%r;0xyxx — Rpr,On — R'pr,(-A) — R'pr;(Oxxx) — 0

Ox Ox
it follows that R'pr;(—A) = R'pr;(Oxxx) = I, is the trivial g-dimensional
bundle.

Also it is easy to see that

Rlpr,(—2A) =QX @ 1,
and that the direct decomposition
H'(X x X, L(-2A)) = HY(X, R'pr;(—2A)) = H*(X,QX) ® H*(X,1,)

corresponds to the decomposition into the symmetric and antisymmetric sub-
spaces relative to the involution ¢ that interchanges the direct factors in X x X:

HO(X,0X) = H(X x X, L(—2A)", HX,I,) = H°(X x X, L(—2A))".
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We now choose the trivial two-dimensional bundle Ir € I, = R'pr,(—A)
and consider the family of extensions (20) {V}}, h € P(I2) = P!, on X x X.
Let ¢ : [ — H'(X x X, L(—2A)) be the corresponding embedding.

The bundle V on X x X x P! giving this family can be represented as the
extension:

(23) 0 — prxxx(L(=4)) — V — pry, x(L(=A)) @ prpa7” — 0

where 7 is antitautological bundle on P!, that is, 7 = H is the bundle of points
on Pl

The cocycles giving such extensions, decomposed according to the Kiinneth
formulas:

HY(X x X x P!, pry, x (L(—2A)) @ prip. 7*) =
= HY (X xX,L(-2A))®H°(P*,7) = Hom(H°(P*, 7)*, H' (X x X, L(—2A)) ,

can be interpreted as linear mappings P! — P(H'(X x X), L(—24A)).

As a cocycle giving (23) we take the embedding ¢ : P(Iy) — P(H'(X x
X, L(—2A))).

The family so constructed consists of symmetric inequivalent bundles. We
complete the family as far as the n-dimensional bundles and consider the ex-
tension on X x X x P!

(24) 0 —>pri® M @prsMI, s@priM @prsM — E —V — 0

where M and M’ are certain one-dimensional bundles chosen so that (24) gives
the symmetric (or antisymmetric) cocycle of deg E' congruent to a preassigned
number d modulo n and that the general bundle E|(x ) is stable.

§ 2 The second Chern class.

The resulting bundle can be interpreted as:

1) a family of bundles {E|x xzxp}, on X, parametrized by the ruled surface
X x P! (then we have a rational map ¢ : X x P! —— 9);

2) afamily of bundles { E|, x x p1 }, on the ruled surface X x P!, parametrized
by the curve X.
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We calculate the Kiinneth component ¢3! of E in (24):
Ale H3(X x PY,Z) @ H' (X, Z).
From (24) co(E) = c2(V), and from (23) co(V) = AZx P +(Ax P (X x X xp),
where p is a fixed point of P. Hence
(25) ALV =(Axp)=(Ax P (X xX xp).

COROLLARY. The Poincaré bundles U, on S are all distinct.

For E|(m><X><P1) = ¢*(Uz). But c2(E|(x><X><P1)) = (J) X p) + const, so that
the bundles for different x are distinct. Theorem 2 is now proved.

Proposition 11. (Ramanan [13]) ¢* : H3(S,Z) —— H'(X,Z) is an
isomorphism.

PROOF. Let U be a universal family on X x S and ¢>!' € H3(S,Z) ®
H'(X,Z). By the duality (H'(X,Z))* = H'(X,Z) we can then regard ¢>!, as
a homomorphism H!'(X) into H3(S). We consider the commutative diagram
CS’I(U)

H(X,2Z)
X xS

H3(S,Z)
(26) r leT ©"
——
X x X x P!
AUE) 3051
H(x,Z) “B g3(p! x X, 7Z)
induced by the equation F = (1 x ¢)*U ® L.
We decompose ¢*!(FE) into the product of ¢''1(A x P!) and 7:

SUE)

HY(X,7) H3(P' x X,Z)
4
«
%ﬁ /
H3(P' x X,Z)

where ¢V (P < A)(7)[y] = [y = /- P'x Al pruxxx = (¥~ 7')x, and 7 is mul-
tiplication by the two-dimensional form of the fibre P1. Clearly, ¢! (A x P!) is
an isomorphism and 7 is an isomorphism, hence ¢*!(E) is an isomorphism. We
know that H?(S,Z) (theorem on h*!) and H3(P! x X, Z) are free Z-modules
of rank 2g. Therefore, it is sufficient to show that ¢* is an epimorphism. But
©* Tt =ANU) - (¢31(E))~'. This completes the proof.

COROLLARY. J3(S) 2 J(X).

COROLLARY. The curve X can be reconstructed uniquely in terms of S.

We return to the beginning of § 1, the mapping ¢ : X — Pic X, which
solves the inversion problem. For ¢, the properties 2) and 3) are equivalent.

CONJECTURE. Let X x P <% Z be a mapping such that
Hs((X x PY), Z) — H;(S, 2)

is an isomorphism. Then the mapping ¢|xxp, solves the inversion problem,
that is the family (| x xpy)* (Usy) is universal (Uy, is any Poincaré bundle).
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The Narasimhan—Ramanan theorem

§1 The double bundle.

In Chapter III, § 2 we defined the operation ELM;(V) from an arbitrary
bundle V on X x T. We now apply it to the universal bundle U on X x S.

Then ELM%(U) is a bundle on X x G(U,), that is, the Grassmannization
of the Poincaré bundle U, is the base of the new family. The determinant of
the bundles of the resulting family is changed to —(n — k)x.

If n > 3, we can always choose k so that d + k and n are coprime.

If S=5,4,let Sp =5, 4+k The resulting family defines a rational map
[Y2) T Gk(Uz) — Sk-.

Proposition 12. If E is a superstable bundle, then ¢; ' (E) = Gp_i(Ey).

The proof follows immediately from the inversion formula (13) of Chapter
111, § 1.

Let Gi(U,) be the maximal open set such that 7(Gy(U,)) is contained in
an open set of superstable bundles and ¢(Gy(Uy)) in the set of superstable
bundles. Let S = 7(G(U,)) and Sy = ¢7(G1(U,)). Then we have the effect
of a double bundle

Gk<U$)=Gn,k(ka)

AN

S S
where U, = U,|g and Uy, = Ukels, -
Proposition 13. codimg, (v,) (Gk(Ux) — Gk(Um)) > %(g —3).
PROOF. By definition

codimg, (v,) (Gk(Uz) - Gk(UI)) = codimg (S — 5') +dim Gy, >

n? n?

> —(g— —k) > —
> 4(9 2) + k(n k)/4

(g—3).

(We have used Proposition 10).
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The diagram (27) is called a double bundle. It was first discovered by
Newstead (g =2, n = 2, [10]).

THE INVERSION THEOREM. O, = @j‘,k.

The proof will be given in the next section.

We now show that the Narasimhan—Ramanan theorem follows from this.

PROOF OF THE NARASIMHAN-RAMANAN THEOREM. We first need a tech-
nical lemma.

HARTOGS’ THEOREM. Let S be a compact non-singular manifold, and
S an open part such that codimg(S — S) > m. Then for any sheaf F
HY(S,F) — H(S,F) is an isomorphism for i < m — 2.

The proof is not difficult and is in [3].

Hence for i < ”72(9 —3) — 2 we obtain

H'(Gi(Us),Ox) = H'(Gr(Us), Ox) =
= Hi(ank(UkI)v @;k) = Hi(ank(ka)v @jrk)v

and the Narasimhan—-Ramanan theorem follows at once from Proposition 4
(Chapter I, § 2).

§ 2 The inversion theorem.

We consider X x Gj(U,) and calculate the bundle ELM"(U7),which gives
this family.

1) Let 7y» be the antitautological bundle on G.(U,) and

™ (Uy) —— T2 —> 0

be the epimorphism G.e.t. (Chapter I, § 2).

We identify 7¢- with a skyscraper over x x G (U,) in the direct product
X X Gi(U,). Then a uniquely determines the epimorphism

(I xm)*(U) N prgTus @ pryOQy — 0,

&|$XGk = .

2) The kernel of @ is the required bundle ELMF (U), that is, there is an exact
triple

(28) 0 —— ELMF(U) — (1 x m)*(U) —2> privry, ® Oy —— 0,
the restriction of which to (X, g) is a.e.t.

00— elm];(g)(Us) — U, — (92_’“ — 0
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We restrict (28) to (z, Gx(Uy,)), that is, we multiply it by the torsion sheaf
prxOy:

29
(o L Tor?* ¢ (7, prO,) — (ELMF), — #*U, —%» 7, —» 0
As a resolution of pri, O, we use triple
0 — prxL(-2) — Oxxg — prxO0; — 0.
Hence we have an exact quadruple

XXG(

16)
0 — Tor; TU,,pr%x0) — T, —> TU, — TU, — 0

Torg Torq Torg
which splits into two isomorphisms:

0— TorloXXG(

pro7us, pryOy) — T — 0 — 152 — 7Y —> 0.
(29) can now be rewritten as:

(30) 0 — 7yx — (ELM%), — ©*U, —%» 7y: —> 0,

and (ELM”), can be represented as an extension

(31) 0 — 7px — (ELMY), — 702 — 0,

since ker « is the tautological extension.
We now consider G, (Ugy) —2» Sy and its first Grassmannisation exact
triple:

(32) 0 — 75, —> TUks —> 102, —> 0.

FUNDAMENTAL ASSERTION. The extensions (31) and (32) are proportional
on Gi(Uz) = Gp—(Uks) that is, there is a one-dimensional bundle L such that

(31) ® L = (32).

In fact, ELM*| v, & = 7} (Uy) ® priL*, therefore (ELM¥), = 7(Uy) ® L*.
Here from the geometric argument itself (see the inversion formula (13) of
Chapter III) the fibres of the subbundle 77, in (ELM¥), are the kernels of
elementary transformations.

It follows that

0 — 70> ®L — (ELM}), ® L — 1), ® L — 0

*

x
> U, » T Uk Ty, — 0.
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Thus,
* *
Tux @ Ty, = TUi, @ TUy,

[ [

O =——— O, ,

according to formula (2) in Chapter I, § 2. This proves the inversion theorem.
As we wanted to exemplify the method, we did not pay attention to ob-
taining the best-possible bounds (such as Proposition 10). The Narasimhan—
Ramanan theorem is, in fact, true for n = 2, g > 2 [8], and not only for n > 3,
g = 4, as our bounds show].
In their own proof of the theorem in [8], the authors apply a ”two-level”
construction

ELM, (ELM(U))
and go back to S.
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On the classification of rank 2 vector
bundles over an algebraic curve of
arbitrary genus

In this paper rank 2 algebraic bundles over an algebraic curve X of any
genus g are classified. To do this we construct a category of quasi bun-
dles and a functor (the rigidity functor) from this category to the category
of rank 2 bundles, mapping finitely many (< 2g) quasi-bundles to the
same bundle. For this category of quasi-bundles a universal problem of
the Grothendick type is solved and the corresponding moduli space is com-
puted.

Izv. AN SSSR. Ser. Math. (1964) 28:1 p. 21-52.



Introduction.

The present paper contains an attempt to classify vector bundles over alge-
braic curve of arbitrary genus. Known results, established in the classification
problem, are contained in papers of Atiyah [2] and Grothendick [6]. In the first
paper the classification over an elliptic curve is given, in the second one the
classification over a rational curve. In the present paper one studies rank 2
vector bundles over a curve X of arbitrary genus. For this we start from the
following formulation of the classification problem. Construction of a ”classify-
ing space” or a universal family of bundles would be the best (ideal) solution.
This is understood as a family of rank 2 bundles over curve X, parameterised
by an algebraic variety B (so as a rank 2 bundle B over X x B), such that any
family of rank 2 bundles £ —— FE, parameterised by an algebraic variety F,
is uniquely represented in the form £ = f*(B|sg)), where f : E —— B is a
regular map. In other words the situation can be described if one says that the
functor F, attaching to any algebraic variety E the set of all families of rank 2
bundles over X, parameterised by E, is representable (see [4]).

But really this functor F is not representable and, hence, such a universal
family B does not exist. However in the present paper one proves that the
universal family itself does exist if one changes the notion of bundle itself. For
this one introduces the notion of exceptional line sub-bundle of rank 2 bundle
(§1). One proves that any rank 2 bundle over a curve X of genus ¢ has at most
2g exceptional sub-bundles. A new object, consisting of a rank 2 bundle and
some of its exceptional sub-bundle, is called a quasi-bundle. One establishes
that for the quasi-bundles a universal family does exist whose base B is the
union of finitely many algebraic varieties. Each of these varieties corresponds
to integer values of four invariants of the bundle: n(E), k(F),d(FE) and «(E).

Among bases of universal families K(n,k,d,a) —— K(n, k,d,«), which
correspond to bundles with given values of the invariants, K(g,1,0,0) and
K(g—1,0,1,0) have the maximal dimension.

The quasi-projective variety K(g,1,0,0), describing the main class of quasi-
bundles with fixed determinant of even degree, is an open subset of the projec-
tive bundle, associated with vector bundle I34_4 @ T3(X) over X, where I3g_4
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is (3g —4)-dimensional trivial bundle over X, T'(X) is the tangent bundle of X
and T3(X) is the third tensor power of T'(X).

The quasi-projective variety K(g—1,0,1,0), which describes the main class
of quasi-bundles with fixed determinant of odd degree, is a (3g — 3)-dimensional
projective space without a subvariety. Further, the variety K (g — 1,0,1,0) is
the moduli space of the main class of bundles (not only quasi-bundles) with
invariants (¢ — 1,0, 1,0).

One has to remark that classification of rank 2 bundles with trivial de-
terminant is equivalent to bi-regular classification of ruled surfaces. The last
statement follows from the paper of Nagata [7]. Evidently, it would be inter-
esting to translate the present paper into the geometrical language of paper
[7].

The author uses the case to express his deep gratitude to I.R. Shafarevich
for his advice, remarks and help, given during the writing time of this paper.

Everywhere in what follows the main field k is an algebraically closed field
of characteristics # 2.

The base of the bundles is a nonsingular complete algebraic curve X of
arbitrary rank g.

The main notation is the same as in the paper [2]. The symbol £ denotes
the sheaf of section germs of the bundle E.

Divisors are denoted by Greek letters. L(n) denotes the line bundle with
divisor n; n(L) denotes the divisor of line bundle L; Ly is the line bundle,
defined by section s; 7, is the zero divisor of section s; L£(n) is the space of
functions, comparable with 7; |L| is the linear system |n(L)|.



CHAPTER 1
Invariants of bundles

The aim of this chapter is to show that for any rank 2 bundle there exists
a finite number of line sub-bundles, which possess two properties: the height
minimality and exceptionality. Two subsequent paragraphs are devoted to the
study of these properties.

8§ 1 Height.

Every bundle over an algebraic curve is reducible, so it has a line sub-bundle;
possibly more than one such sub-bundle. Let us study which line sub-bundles
a given bundle E could contain.

Definition 1. The height of a divisor £ with respect to a point ® € X
is the minimal integer number n such that £®™ ~ 7, where n > 1 so it is an
effective divisor. The height of a divisor £ is denoted as ho(£). As the height
of a line bundle L(n) one takes ho(&).

In what follows we deal only with the height with respect to a permanently
fixed point ©, which is not a Weierstrass point.

Remark 1. It is not hard to see that hg (§) is an invariant of the equivalence
class, and the representation of a divisor & in the shape n® "2 uniquely
realizes the choice from each equivalence class.

Indeed, if

£~ n@*h(f) ~ n’@*h(§)7

then 7 ~ 1’ and hence dim £(n) > 2 and dim £(nD~') > 1, from which it
follows & ~ n"®~M&+1 and gets a contradiction with the definition of h(¢).

Definition 2. The index of a divisor ¢ is degn, where n® &) ~ & The
index is denoted as k().

It is not hard to see that if deg& = n then h(§) < g — n.

Lemma 1. Let J be the Jacobian variety of a curve X. Then the set of all
o € J such that h(c) <4, (0 <4 < g), is an i-dimensional subvariety of J (we
denote it as G;).

Proof. Indeed, let S9(X) be the g-th symmetric product of the curve X,
represented by divisors of the shape ¢1...¢,®79 and let ¢ : S9(X) — J
be the canonical map, identifying equivalent divisors. Consider the variety
S{(X) C S9(X) consisting of divisors of the shape c;...c;© 7% The Variety
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#(S%(X)) has dimension i. The set of exceptional divisors in S*(X) is a sub-
variety and it is proper if there exists at least one non special divisor. Such
a divisor, for example, is given by the i-th power of any point which is not
a Weierstrass point. The variety ¢(S%(X)) consists of divisors of height < i
and only of such divisors. In analogy with the Poincare divisor the subvariety
#(S*(X)) of the Jacobian is called the i-dimensional Poincare cycle.

Lemma 2. Let Ji be the homogeneous space of classes of divisors of degree
k. Then the subvariety Gy ; = {0 € Ji, h(o) < i} is transferred to the (i + k)-
dimensional Poincare cycle under the natural map J, — J.

PrOOF. The map 1 : I — Iy, 9 (0) = o-D* transfers G; 1\ to Gx ;. Then
our statement follows from this fact and Lemma 1.

Remark 2. It follows from Remark 1 that Gy, ;/ Gy, i—1 is bi-regular equiva-
lent to S*~#(X), where S"(X) = S"(X)—S,, and S"(X) is the n-th symmetric
power of the curve X, while

S, =(® 8" X)) U{o € S"(X),dim L(D) > 1}.

Definition 3. The height of a bundle E is im% h(L) taken over all possible
c

line sub-bundles L. The height of a bundle F is denoted h(E).
In other words, h(E) is an integer number, such that

(1)
dim H® (X,E@ L (@’“EH)) —0, dimH° (X,E@ L (©h<E>)) —i>0.

In the set of all sub-bundles of the bundle E we distinguish the subset Sp"o(E)
of all sub-bundles of minimal height. The next lemma shows that Spho(E)
consists of either a single point or the points passing through a projective line
(see §2).

Lemma 3. In formula (1) one has 1 < ¢ < 2.

PROOF. Assume, that i > 3. Let us choose a basis

s$1,...,8 €l (X,E@L (@’m)) .

Since the fiber of F has dimension 2, there exists a linear combination

[
S = E Olij,
j=1

such that s(D) = 0, so there is an effective sub-bundle with a divisor, containing
®. But in this case

dim H° (X, E®L (©h<E>—1)) >0,

which contradicts the first condition from the definition of h(E).

Definition 4. Let us denote by ¢(FE) the divisor which is the greatest
common divisor for all divisors of sections of the bundle E. In other words
¢(FE) denotes the divisor of common zeros of all sections of the bundle E.
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Each section s € T'(X, E) defines some sub-bundle L, of the bundle E (see
[2]) and Los = Ls (a0 # 0).

Consider the space I'(E) = HY(X,E) and the corresponding projective
space P(T'(E)). It’s clear that any Ly > L(c(F)) (the symbol L > M means
that L ® M is equivalent to an effective line bundle or, equivalently, that there
exists a nontrivial homomorphism M —— L).

Let L and L' be different line sub-bundles of the bundle E.

Definition 5. Consider the set of points P; of our base X, in which L and
L’ coincide. Take the product of these as divisors. The resulting divisor we will
call the divisor - support of the intersection L and L’ and denote it by £(L, L’).
It is clear that £(L,L’) > 1. The multiplicities for the points which one takes
are defined by Lemma 5.

For complete correctness of the definition we need to show that the set of
points from our base X, over which L and L’ coincide, is finite (see Lemma 5).

Obviously, if s,s’ € T'(F) define sub-bundles Ly and Ly respectively then
P € &(Ls, Ly) if and only if

s(P)=as'(P), a€k, a#0.

Lemma 4. If (L, L') =0, i.e. L and L’ do not intersect each other, then
E=Leol.

The Lemma is obvious.

Lemma 5. Any distinct sub-bundles L and L’ of the bundle E coincide
over finitely many points. At the same time

(2) &L, L) e |l e (L)t @det B,

where |M| denotes the complete linear system of effective divisors, which are
equivalent to a given divisor, defining M.
PrOOF. We have the following diagram, where the top line is exact:

0— > L—"vE_— L "9detE —> 0

7

3) L'

|

0

The homomorphism ji’ vanishes on the intersection of L and L’ and is iden-
tically zero if and only if L = L’. This homomorphism is a section of the
sheaf

Hom(L',L* ® det E) = (L')* @ L* @ det E,

and the zero-set of this section is formed by the points, in which L and L’
coincide.
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Let s and s’ € T'(E) and Ly # L.

Lemma 6. §(Lostars's Las+ps') = E(Ls, L) for all except a finite number
of pairs (a,a’), (8, ).

This Lemma follows directly from definition 5.

Denote the divisor of a section s by the symbol ns. Let s,s" € T'(F) and
Ls # Ly . Then it is easy to check the following statement.

Lemma 7. nas+oz’s’£(Las+oz’s’a Lﬁs+[3’s’)nﬁs+ﬁ/s/ = Usﬁ(Lst/)??s' for any
(a,a") and (8, ).

Thus if s,s’,s” and s’ lie on one line in P(T'(E)) then

N&(Lgy Ly )nsr = nan&( L, L)y .

Due to Lemma 5 the following important relationship occurs:
(4> nsé‘(L.ﬁLs’)ns’ S |det E|

Corollary 1. If a non-decomposable bundle E with det £ = L(D%),d =

0,1, admits a sub-bundle L with h(L) < [%}, where [a] is the integer part

of number «, then h(L) = h(E) and Sp"F)(E) is a single point.

Proor. All sub-bundles with h(L) < n are defined by sections of the
bundle E @ L(®™). According to (2), for the existence of at least two such
sub-bundles one needs that |det E @ L?(D™)| should contain at least a point.

But if n < [g%d} then

|det B ® L(®™)| = |9*|,k < g.

And, since ® is not a Weierstrass point, one deduces that || is empty.

Corollary 2. If E is irreducible and contains at least two effective sub-
bundles L and L’ then either the degree of L or the degree of L’ is less than
{degiffl}. In other words, degc¢(E) < {%}.

These statements easily follow from Lemma 5 and formula (4).

Let us apply now the results obtained to bundles with fixed determinant
L(®%),d=0,1.

Lemma 8. h(F) < g—d.

PRrROOF. Indeed, according to the Riemann-Roch theorem (see [2])

dim H*(X, B) > deg B —r(1 — g),
where r is the dimension of the fiber (in our case r = 2). Let
B=E®L(®");

then
deg B =d + 2n,

soif d+2n+2 —2g > 0, then n > h(E). This gives the statement of the
lemma.
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§ 2 Exceptional sub-bundles.

Denote by the symbol Sp(E) the set of line sub-bundles of a bundle £ and
call it the spectrum of the bundle. It is quite natural to try to introduce some
algebraic structure on this set. The set Sp(E) is stratified by the heights of line
sub-bundles. Denote by Sp™(E) the set of sub-bundles of heights < n. Each
element L € Sp™(F) is defined by a section s;, € I'(E ® L(®™)) such that

asp =87, a#0,

so the proportional sections define the same sub-bundle. Consider the space
NE®L(®")® L*(c(E ® L(®™))) and the corresponding projective space P,,.
We have a map

P, s Sp"(E),

and S, is a map onto Sp™(FE). If this map is one-to—one then one introduces
the structure of a projective space on Sp™(E).

Definition 6. A component Sp™(E) is called regular if the map S, is
one—to—one.

It was proven in §1 that at least one regular component in Sp(E) does exist,
namely the one is given by Sp"F)(E).

Regular components are projective spaces.

On the other hands, it is clear that the component Sp™(E),n > h(E) + g,
is irregular.

Let N, be the set of sections of any bundle E which have zeros and M, be
the set of sections possessing I'(X, Ls) > 2. Obviously, N,, D M,.

The subsequent proposition proves that IV, is a proper algebraic subvariety
of the space P,.

Proposition 1. Let E be a bundle such that I'(E) 3 so, Ls, = 1. Then
the set N of such s for which L, > L, forms a proper homogeneous algebraic
subvariety of the space I'(E).

Proor. It’s sufficient to consider the kernel of the map of two fibered
spaces:

(4) 0—> N —>V -2 F,

where V' = I'(E) x X and the map « sends each section to its value at the
point of base (see (2)). It’s clear that

N = projrg)(N),

where projp(g) denotes the projection of variety V' to I'(£). The properness
of the subvariety N follows from the existence of sy & N.

Denote as x(FE) the set of equivalence classes of set Sp(E) and as ¢ the map

Sp(E) _®, X(E), identifying equivalent line bundles.

Corollary 1. Either ¢=1(¢) consists of a single point or it is a projective
space without a subvariety, i.e. it consists of infinitely many points.
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It is sufficient to apply Proposition 1 to F ® L*(¢) which gives us the
statement of the corollary.

Definition 7. Elements of the set Sp(E) such that ¢=1(¢(L)) = L, i.e the
ones which are uniquely defined by the equivalence classes, are called excep-
tional elements of the spectrum or exceptional sub-bundles.

The following obvious proposition holds:

Proposition 2. A pair (L, F), where L is an exceptional sub-bundle of
E, uniquely determines a point h € P(H'(X,L? ® det E*) and is uniquely
determined by such a point.

The above proposition is a well-known statement about extensions of the
form

(5) 0—>L—E—>L"®detE —» 0

(see [2] and [3]).

Thus, if we prove the existence of the exceptional sub-bundles, then the clas-
sification problem for the bundles would be reduced to finding some canonical
exceptional sub-bundles and solving the extension problem.

Let us prove first of all that for each bundle the exceptional sub-bundles do
exist. Introduce some invariants of a bundle class:

o h(E) (see Definition 3).
. L(C(E ® ©h<E>)) — L(E) (clearly dimT(L(E)) = 1).
o If dimT (E ® L(D"¥))) = 2 then put
¢(Le(Ba L@ ™), L'(c(B) @ L®"®)) ) =£(E)

where L and L’ are distinct sub-bundles of E. If dimT'(EQ L(D"#))) =1
then put £(F) = X.

It is not hard to prove the correctness of the definition for these invariants; we
prove only the correctness of the definition for &(F). Indeed,
dimI'(E®L(D"))) equals either 1 or 2 (Lemma 3). If dimI'(E® L(D"E))) =
2 then the correctness of the definition for £(E) follows from Lemma 6.

The following theorem is the main one for the present paper. Our idea of
the classification is based on it.

Theorem 1.

I. Any non-decomposable bundle FE has an exceptional sub-bundle.

II. If &(FE) = X, then L(E) is an exceptional sub-bundle.

ITI. If £&(E) # X then there exist only a finite number N of exceptional
sub-bundles of the minimal height. Let L(mi)h(E)), i = 1,...,N, be such
sub-bundles. Then:

(1) N < 2h(E) —2deg L(E) + deg E < 2g;
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(2) dimL(n;) = 1,4 =1,..., N, where L(n) is the space of the functions
over our curve X, comparable with divisor 7;

(3) (ni,m;) = 1,4 # j, where (n;,n;) is the greatest common divisor of 7;
and 7;;

N
@) o =€)
PR(;OF. It is clear that all sub-bundles of the minimal height are defined
by sections of the bundle B = E® L(D"*)). According to Lemma 3 dim I'(B)
equals either 1 or 2. If the first case occurs, then L(E) is the unique sub-bundle
of the minimal height and hence is an exceptional sub-bundle.
If the second case takes place, let us take a basis s1, s in I'(B) such that

Ly, = L,, = L(E).
Obviously, dimT'(L(E)) = 1 and therefore if
Ls=Ly, s,s €Tl (B)

then s = as’, @ # 0. The sections s; and sy are linearly dependent over points,
contained in the divisor

E(E)=P1... Py € |det E® L*(D")) @ L72(E)
(according to Lemma 5). Let a; be elements of the field k such that
51(Pi) = ais2(Py).

Then the vector {«;} is an invariant of the extension class, and the sub-bundles
L; = Ly, _q,s, are the desired ones. The properties (1) — (4) follow from this
arguments.

The next two lemmas are corollaries of our general considerations for the
concrete case when det E = L(D%) where d =0 or 1.

Lemma 9. If L € E and deg L > 0 then L is an exceptional sub-bundle.
Ifd=0sodetE =1, L C E and degL = 0, then either L is an exceptional
sub-bundle or L2 =1 and E = L @ L.

Proor. If E D L', L' = L, then according to Lemma 5 the space
|L72 @ det E| is not empty. From this point the statement of the lemma
obviously follows.

Lemma 10. If F' is non-decomposable and L C E then degL < g — 1.

PROOF. Indeed, there is an extension (5) where det E = L(D%). Due to
the duality

dim HY(X,L? @ L(® %) = dim H*(X, K ® L2 ® L(®%))
and, if deg L > g, then

dim HY(X, L? ® L(®~%)) =0,
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since deg K — 2deg L 4+ d < 0. Therefore

E=(L®L®L®Y).

8 3 Quasi-bundles.

Theorem 1 makes it possible to reduce the classification of bundles to the
classification of extensions. When classifying bundles we have to fix some
invariants. First of all, one fixes the determinant of the bundles so one considers
the category of bundles with fixed determinant C'(L). Obviously, in the case of
rank 2 bundles it is sufficient to consider two categories C(d) where d = 0 or
1, and det E = L(D9) if E € C(d). The category of bundles with determinant
L of even degree is derived from C'(0) by the multiplication of each bundle on
V'L where V'L denotes one from two possible bundles M such that M2 = L.
Analogously, one gets the category of bundles with any odd determinant from
C(1). In all what follows the determinant is fixed.

Statement I of Theorem 1 in Chapter 1, where one describes the method
of computations for exceptional bundles, and Proposition 2 in §2 give us the
possibility to classify all bundles from the category C(d, L) — the bundles with
a fixed exceptional sub-bundle L. However, doing this we fix some continuous
invariant and this is undesirable.

Statements II and IIT of Theorem 1 give us the possibility to classify all
bundles up to a finite number in the category C(d,n,k,a) where (d,n,k, )
are integer valued bounded invariants (so the domain of values for d,n, k, « is
just a finite set). To make the expression ”up to a finite number” more precise
we have to introduce the following notion.

Definition 8. An extension is a pair 0 — L —— FE where L is a fixed
sub-bundle of E.

The set of extensions form a category EC, in which the morphisms are
defined by commutative diagram

0—— L ——F

.

00— L —» F

Each extension (I, E) has the following integer valued invariants: degdet E,
h(L), deg L + h(L); moreover, in the future we will introduce once more im-
portant integer valued invariant, a(L, E), whose definition is placed below (see
Chapter II).

The symbol EC(n, k,d, «) denotes the category of extensions which consists
of pairs 0 —— L — E such that E C C(d) so det E = L(D%), h(L) =
n,k(L) =k and o(L, E) = a.
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Definition 9. An extension 0 — L —— F is called a quasi-bundle if L
is an exceptional sub-bundle of the minimal height.

It is obvious that quasi-bundles form a subcategory in the category EC.
This subcategory is denoted by Q)S. The subcategory of quasi-bundles for the
category EC(n, k,d, ) is denoted as QC(n, k,d, «). It follows from statements
IT and III of Theorem 1 that, although two quasi-bundles with equivalent rank
2 bundles could be non isomorphic in the category QC, one has only a finite
number of such quasi-bundles (< 2g).

Definition 10. A family of extensions is an algebrgic family of rank 2

bundles & —2+ E and its subfamily of line bundles £ — + E such that
0 — (p)7'(e) — p7'(e)

is an extension for each e € F.
A family of quasi-bundles is a family of extensions

(c,&) ¥l g

such that 0 — (p')71(e) — p~!(e) is a quasi-bundle.

Let Var be the category of algebraic varieties and F' : Var — Ens is a
functor to the category of sets which sends each variety V' to the set of families
of rank 2 extensions of the type (n, k, d, o) with the base V. We will prove that
F is representable so there exists a family

E(n,k,d,a) 2~ E(n,k,d,a),

such that
F(V) =Hom(V, E(n,k,d,«))

(see [4]).

On the other hand, we will prove (Chapter III), that the subset M of the
base E(n, k,d, «) of this universal family, consisting of non quasi-bundles, is a
proper algebraic subvariety FE(n,k,d,q). It follows that the family
E(n,k,d,a) — (E(n,k,d,a) — M), given by the restriction of £(n, k,d, «)
to E(n, k,d, a) — M, belongs to the category of families of quasi-bundles and is
the universal object for the corresponding universal problem in this category.



CHAPTER 2
Construction of "universal” families and solution of the universal
problem for the families of extensions.

8§ 1 Matrix divisors.

An algebraic bundle over a variety V is defined by a covering {U;} of the
variety V' and matrices with functional entries ¢;; where the functions are
regular and regularly invertible on U;; = U; N Uy, satisfying the relationship
©i;PikPr: = 1. In other words, a bundle is defined by a 1-dimensional cocycle
of the sheaf GL(n,O) — the sheaf of matrices over the sheaf of the germs of
regular functions. The sheaf GL(n, O) is a subsheaf of the sheaf GL(n,R) —
the sheaf of matrices over the sheaf of the germs of rational functions. Hence
every 1-dimensional cocycle with coefficients in GL(n, Q) can be considered
as a l-dimensional cocycle with coefficients in GL(n,R). But every cocycle
with coefficients in the sheaf GL(n,R) splits so it is the coboundary of a zero
dimensional cochain {f;} € C°(GL(n,R), {U;}).

For us it is more convenient to define a bundle using the correspond-
ing O-dimensional cochain {f;} € C°(GL(n,R),{U;}) such that §({f;}) €
Zl(GL(na O)’ {UL})

Definition 11. A 0-dimensional cochain {f;} of the sheaf GL(n,R), the
boundary of which is a 1-dimensional cocycle {fiffl} of the sheaf GL(n, O),
is called a matrix divisor.

Let us define an equivalence relation for matrix divisor such that the equiv-
alence classes of matrix divisors would coincide with the equivalence classes of
the bundles.

Definition 12. Matrix divisors {f;} and {f/} are equivalent if there ex-
ists a 0-dimensional cochain {a;} of the sheaf GL(n,O) and a matrix ¢ €
H°(V,GL(n,R)) such that f; = a;f/c on each Uj.

If the base variety V is an algebraic curve then the notion of matrix divisor
is equivalent to the following one.

Definition 13. Let us assign to each point x of the curve X the element
E, € GL(n,R),, i.e. the matrix of the germs of rational functions at this point
x such, that only for a finite number of points F, # E", where E™ is the

71
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identity matrix. This assingment is called a matrix divisor on the curve. Two
matrix divisors E and E’ are equivalent if at each point z € X

E, = A,E.F,

where A, is a regularly invertible matrix of the germs of regular functions at
z and F' is a functional matrix — the same for all x.

Exactly in this form algebraic bundles over a curve appeared first time in
the paper of A. Weil [9].

It’s not hard to check that a matrix divisor over a curve defines a matrix
divisor in the sense of Definition 11.

We will use the notion of matrix divisor over a curve since it simplifies the
computations.

Let E be a rank 2 bundle over a variety V' and suppose that E admits a
line sub-bundle L, defined by a divisor D. Then the following exact sequence
takes place:

00— L—F — L"®det E — 0,

and F is uniquely determined by a 1 - dimensional cocycle with coefficients in
Hom(L* @ det E, L) = L* ® det E*.

We will use the notion of matrix divisor and for this it is necessary to give a
new interpretation of 1-dimensional cocycle with coefficients in L(D).
To do this let us use the known exact sequence

(6) 0—>Q—+ R——> R/Q— 0,

where € is the sheaf of germs of regular functions, R is the sheaf of germs of
rational functions and R/(Q is the sheaf of germs of principle parts.
Take the tensor product of (6) with L(D)

(6”) 0 — L(D) — R — R/L(D) — 0
and write down the exact sequence of the triple (6”)
(1) 0 —= H°(V.L(D)) —= H°(V,R) — H°(V,R/L(D)) —
— HY(V,L(D)) — H*(V,R) .

It is not hard to see that H*(V, R) = 0.

Sections of the sheaf R/L(D) are called the systems of principal parts with
respect to a divisor D. Every such section is defined by a 0-dimensional cochain
c of the sheaf R such that §(c) € Z'(L(D)). Denote the space of the chains

which possess this property as 50(]{, D). Obviously,

HO(V,R) = Z°(R) c C"(R, D)
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for every D. Moreover, two co-chains ¢ and ¢’ define the same section of the
sheaf R/L(D) if and only if ¢ — ¢/ € CY(L(D)). Thus from the sequence (7) it
follows that

HY(X,L(D)) = C"(R, D)/Z°(R) + C°(L(D)).

In what follows cocycles will be defined in the form of elements from 60(R, D).

Lemma 11. Let S be a hyperplane section of V. Then every cocycle from
H'(X, L(D)) has a representative c € 60(}2, D) of the following form: let {U;}
be a covering of V and C' = {f;}. Then the functions f; have non zero principle
parts only on the divisor S.

PROOF. The systems of principle parts {f;} can be regarded as the system
of principle parts on the variety V' — S. But since V — S is an affine variety
one has H(V — S, L(D)) = 0 and, consequently there exists a function f such
that {f — f;} has non zero principle part only on S and {f — f;} ~ {f:}-

The next paragraph is devoted to the concrete description of all possible
matrix divisors over the curve X.

8§ 2 Reduction to the normal form.
Consider all bundles which are nontrivial extensions
0— L(n-® ") — E — L(n~'@"") — 0.

According to [3], they form the projective space P(H(X,L(n? - D~2"=4))).
Write down explicitly the corresponding matrix divisors. To do this first let us
compute H'(X, E(n? - ®~27~4)). By the definition

HY(X, B %)) = R(X)/R(D7*""U?) + k(X),

where R(X) is the space of distributions in the Shevally sense over the curve
X, R(D~2"~»2) — the space of distributions, comparable with the divisor
D~27=dpn2 and k(X) is the field of functions over the curve X (see, f.e., [8]).

Lemma 12. For any point P € X and any integer number n there
is a number m such that there exists a function f(n,P) € L(P"D™) with
vp(f(n,P)) = n, where vp(f) is the order of the function at P.

PROOF. Let us choose m such that n+m > 2g. Then by the Riemann—Roch
theorem

dim L(P"!'®™) =n+m—g,
dim L(P"®™)=n+m—g+1.

This proves the lemma.
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Corollary 1. In every class R(X)/R(n*D©~2"~%) 4 k(X) it is possible to
2n+d—1 .
choose a representative r such that rp = 0if P # D and rp = > «;75,

where 79 is some fixed once and for all local parameter.

PROOF. Any distribution r is not comparable with 0 modulo R(n?®~2"~9)
only in a finite set of points Py,...,P;. Hence according to Lemma 12 we can
choose such a linear combination ¢ of functions of the shape f(P;, k) that

rp, +¢=0 mod R(n*D~"~4),

Thus in any class from R(X)/R(n*D~2""%) + k(X) one can choose such a
2n+d—1 .
representative r that rp = 0if P # D andrp = ) a;74, and since D is not
—m
a Weierstrass point then for any n > g there exists a function f(n,D) € L(D")
such that

vo(f(n,®)) = —n.
Hence it is always possible to choose such r that

2n+d—1

re = E QTS
-9

Definition 14. Fix a local parameter 79 = 7 at a point ® € X. Then for

&)
any function f = > ;7" one has
—k

n—1
(fln = air”.
%

The symbol [£(£)],, denotes the linear space of all [f],, f € L(£).

Lemma 13. [L(¢)], = L(&)/L(£D 2 (9),

PROOF. Associate to any function f € £(€) the segment [f],, of the power
series. This map is linear. For a function f € £(§)  [f], = 0 if and only if
fe L(f@—n—m(f))_

Let us finish the computation of H'(X, L(D~2"~9n?)).

Lemma 14. Let R, (7) be the linear subspace of segments of the power
2n+d—1 _
series of the form Y.  a;7%. Denote H'(X, L(D~2""9?)) as H(n,n). Then
-9
the following exact sequence exists
®) | |
0 — L2721 — L(D?) > Ru(r) —> H(n,n) — 0,

where p(f) = [f]-

PROOF. According to Corollary 1 of Lemma 12, in each class

R(X)/R(®" %) + k(X)



Chapter 2. §2 Reduction to the normal form 75

we can choose as the representative some vector from R, (7). Two vectors h
and b’/ would be cohomologous if and only if

h—1' = [flsnias f€LDM).

Thus we get the desired exact sequence (8). We choose a section j’ of this
sequence and identify H (n,n) with j'(H(n,n)). Elements of the space H(n,n)
will be denoted by

h= Z ai/@i(T)v
i=1

where {8;(7)} is a basis of the space j'(H(n,n)).
Theorem 2. Each extension class of the triple (7) can be realized by a
matrix divisor of the following shape:

at a point ©
T 0 1 h(r)
0 o 1 )

atapoint C;en(i=1,....ksn=Cp...Ck)

® (% =)

at the remaining points
10
0 1)’

where h(7) € H(n,n) and 7¢, is a local parameter at the point C;.
PROOF. It was proven in [3] that any element of (7) has the form

Ap 0 1 hp

0 Bp 0 1
at each point P € X where Ap and Bp are the distributions of the divisors
n®~" and 71D+ at the point P and hp is the germ of the cocycle

h e H'(X,Hom(L(n~'®"*%), L(n®~")))

at the point P. Using Lemma 14, we get the statement of our lemma.
We denote matrix divisors of the shape (9) as E"(n,n).
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§ 3 Algebraic structure.

Extensions with the fixed sub-bundle L(n®~") were classified in §2. The
set of the extension classes P(H (n,n)) has the structure of a projective space.
Consider the set

E(n,k,d)= | (H(n,n)).
neSk(X)

Recall that S* (X) is bi-regular equivalent to the variety of the classes of divisors
of height n and index k:

SH(X) = S*(X) — Sk,
where S¥(X) is the k-th symmetric power of X, and Sy =D - S¥~H(X)u{o €
Sk(X),dim L(c) > 1} (see Chapter 1, §1).
We would like to endow E(n, k, d) with the structure of an algebraic variety
compatible with the structure of H(n,n) for every n and S*(X). Namely, we

will endow E(n, k,d) with the structure of an algebraic variety for which there
exists a morphism 7(n, k,d) : E(n,k,d) — S¥(X) such that the triple

(E(n, k,d),m,S*(X))
would be a locally trivial algebraic bundle and
w_l(n, k,d)(n) = H(n,n).

Remark. It is not hard to see that such an algebraic structure is defined
uniquely so for any other structure E’(n,k,d) possessing the same properties
the set E(n, k,d) should be bi-regular equivalent to E’(n, k,d) as an algebraic
bundle over S¥(X).

Consider the exact sequence (8):

0 — LEPD ) — L(D92) s Ru(r) — H(n,n) —> 0,

and assume k < n; then £(n*D~2"~9) = 0 and the sequence has the form
(10) 0 —= L(D)*) — Ry(1) —= H(n,n) —= 0.

We would like to find such bundles £(k), R(k) and H(n, k,d) over S¥(X) that
there is a following exact sequence

(11) 0 — L(k) —> R(k) —> H(n,k,d) — 0,

which fiberwise coincides with the sequence (10).
For this we can take R, (1) x S¥(X) as R(n) and it remains just to endow
the set
Lky= |J c@m)

neSk(X)
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with the structure of an algebraic bundle over S*(X).
Theorem 3. The set L(k) = |J L£(D9%?) admits the structure of an
neSk(X)
algebraic vector bundle £(k) — S*(X) with a fixed inclusion 0 — L(k) = R(n),
where R(n) = R, (1) x S¥(X) and locally i = [].
PROOF. We construct £(k) straight away as a sub-bundle of R(n). Consider

[L£(D90%))2n+a
and choose there a basis s1, ..., sok+1,

2n+d—1

8; = E g
~g

Obviously,
dim £(D9n?) = 2k + 1

for all 7, since ® is not a Weierstrass point. Hence such a basis always exists.
Moreover, there exists a non zero minor ... 4,,., of order 2k + 1 in the
matrix [|o%[|. Therefore the space [£(D9%?)]2nta could be identified with the
space spanned by {r/}?"*4 j=1,... 2k +1.

Consider a map ¢ : S'k(X) — Py, where Py is the N-dimensional

projective space, N = C’;_’S}L g defined as follows:
¢(77) = {:ull ----- i2k+1}’
where i1, ...,%9,41 run through all collections of the numbers —g,...,2n — 1;

in other words, the coordinates of a point ¢(n) in the space Py are defined by
all possible minors of order 2k + 1 of the matrix Haé- (m)]]. It is clear, that after
the change of the basis {s;} to a new one all the coordinates are multiplied
by the same number, namely by the determinant of the transformation matrix
from the first basis to the second one. Moreover, it is not hard to see that the
map ¢ is rational. Now if we consider the covering

Ui1,~~7i2k+1 = {77 € Sk(X)7Mi17m,i2k+1 (77) 7é O}

and the transition functions ¢;, . transforming the basis

IRk 1,J1 55 J2k417
{r'"Y1=1,2,...,2k+1,
to the basis ‘
{7} 1=1,2,...,2k + 1,

then we get the desired bundle over S*(X). This bundle is denoted as £(k).
Thus, we have derived the desired exact sequence of bundles

0 — L(k) —— R(n) —L» H(n,k,d) — 0.



78 On the classification of rank 2 vector bundles. ..

Proposition 3. The sequence (11) splits so there exists a section
S:H — R(n)

and R(n) = L(k) ® H(n,k,d). The existence of the section follows from the
fact that
Sk(X) /D81 (X)

is an affine variety and hence
HY(S*(X),Hom(H, L(k)) = 0.

We fix some section S in the triple (11) and identify H(n, k, d) and S(H(n, k,d)).

Thus, we have proved the following theorem.

Theorem 4. The set E(n,k,d) = |J (H(n,n)) admits the structure

neSk(X)
of an algebraic variety with the following properties:

(1) there exists a map m:E(n, k,d) — S¥(X) such that (E(n, k, d), , S*(X))
is a locally trivial algebraic bundle with 7=1(n) = H(n,n);

(2) (E(n,k,d),r,5%(X)) is a sub-bundle of the bundle R equals to R =
Rn(7) x S¥(X) and there exists a projection p : R —— E(n,k,d) of the
bundle R to the sub-bundle E(n, k,d).

In the future we will use varieties

Ry = S%(X) x RY (1),

where
2n+d—1

RN(7) = Z a7t
—N
Let us define a canonical map ¢y : RY (1) — R, (7) in the following way:

0—k — £@®) - RN(7) —%+ R,(r) — 0.

The map ¢n : Ry — R, ¢(0,h) = (0,6(h)) defines a canonical projection
¢ : Ry — R where R is regarded as a sub-bundle of Ry.

The varieties Ry, R and E(n,k,d) will serve us as the bases of families of
bundles.

Let us study E(g,1,0). As will be shown below, this variety has maximal
dimension over all E(n, k,d). We have an exact sequence

(11°) 0 — L(DIC?) — Ry(1) — H(g,C) — 0.

Proposition 4. Let E be a rank n bundle over X — ©. Then E =
I,_1 ®det E, where I,,_1 is rank n — 1 trivial bundle.

Indeed, any bundle over X — ® is thin, since X — ® is an affine variety.
From this fact, using a well known argument of Atiyah [2] applied to the exact
sequence (4’), one gets the exact sequence

0—> Iy 1 —+ E— detE — 0,
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which splits, so E = 1I,_1 ® det E.
Thus, any bundle over X — ® is uniquely determined by its determinant.
From the exact sequence (11) it follows that

det H(g) = det"L(g).

Let us compute det L(g).

Proposition 5. a) Any function from the space £(D9C?) is defined up to
an additive constant by its principal part at the point C;

b) there exists a function, which has a given principal part at C.

Indeed, let ¢ and ¢’ € L(DIC?) have the same principal part at the point
C. Then ¢ — ¢ € L(DY) and since ® is not a Weierstrass point we have
L(D9) =k and ¢ = ¢’ + a.

On the other hand, according to the Riemann inequality

dim £(D9C?) > 3, dim L(DIC) > 2,
and since ® is not a Weierstrass point
L(DIC) D L(DY) = k.

It follows that there exists a function ¢ with any non zero principal part at C.
Corollary 1. L(g) = My 2, (My?), = m;?/k, where m, is the maximal

ideal of the local ring O, at any point z € X —® and k is constants.
Corollary 2. a) There is an exact sequence

0 — Myt — L(g) — M~2 — 0,

where (Mg ')o = mz ' [k, (MZ)e = m? /m;
b) det £L(g) = M~3 where (M ~3), = m;3/m;?;
) (M=3)* = M3, where (M), = m? /m:
d) det H(n,1) = T3, where T is the tangent bundle, T, = m,/m?2.
Thus the variety P(E(g, 1,0)) is completely described.
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§ 4 Construction of universal family.
We are going to construct a family of extensions
E(n,k,d) —> E(n,k,d)
such that

(12) p~t(n,h) = E"(n,n).

According to Theorem 4, it is sufficient to construct a family with property

(12) over R = S*(X) x R, (7) and to consider its restriction to E(n, k, d).

Lemma 15. There exists a family R(n,k,d) —2+ R of rank 2 extensions

such that
p~'((n,h)) = E"(n,n).

Proor. To prove this we have to construct an extension
(13) 0 — L(D) — R(n,k,d) — L(D') — 0
over X x S¥(X) x R,(7) such that

R(n, k,d) (ony) = E"(n,0)q.
Consider the following divisors

- k k
D1 = Z A(Xl X Xz) X H Xj,
=5 .

i J=2,j#i

in the direct product X7 x Xg X - -+ X Xp41 of X with itself, where A(X; x X;)
is the diagonal in X; x Xj. 5 R
_ Weintroduce natural maps ¢ : X¥ — S¥(X)and ¢ : X x X*¥ — X x S¥(X),

oz, y) = (z,9(y))._
The divisor ¢(D;) on X x S*¥(X) is denoted by D;,i = 1,2.
Consider the following coverings of our curve X:

where P; is the divisor of zeros and poles of the function 7 (which is the local
parameter we have chosen above), distinct from ®, and

Upy=X-0C,

where C' is an arbitrary point, distinct from P; and D.
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In this covering the divisor Dy is defined by functions f; and fy: f1 = 7,
9 = 1.
: The covering {U/},i = 1,2 defines the covering {U} x S*(X)} of the variety
X x S*(X). This covering is denoted by {U/} too.

Let {U/},i =1,2,...,m, be a covering of the variety X x S*(X) such that
in U/ the divisor Dy is given by the equation 71; = 0 and on U’ N U} the
function 71171;1 is regular and regular invertible.

Let {U/7} be a covering of the variety X x S*(X) such that

Uy =unUy, i=12 j=1....m

From this covering one can derive in a natural way a covering of the variety
X x S*¥(X) x (R,(7)), namely

Uij = U;;I X Rn(T)

Now we construct an extension of the shape (13), where instead of D and D’
we take the following divisors:

D = (D1 —nDa2) x (Ry(7)),
D" = (=Di + (n+d)Dz2) x (R,(7)).

This extension is defined in the form of a matrix divisor. For every element
U;; of the covering, constructed above, we associate the following functional
matrix f;;:

2n+d—1

TT " 0 1Y a7 7i;, 0
flj = 0 ?;len+d —g ) f2j = 0 ?1—1 )
. O 1 J

where 71,7 and ay, are the following functions on X x S*(X) x R, (7):

T1j(x,n, h) = 11(x,n) is the function defined above, 7(x,n, h) = 7(x) and
ak(xv n, h) = ak(h)'

It is not hard to check that this matrix cochain is a matrix divisor, i.e. that
on U;; N Uy the matrix f;; 2 file, is regular and regularly invertible.

It is even easier to see that the restriction of this matrix divisor to any curve
(X xn x h) gives the matrix divisor E”(n, 7). The family of extensions we have
constructed is denoted by

R(n, k,d) —L+ S*(X)R, (7).

The symbol £(n, k,d) denotes the restriction of this family to E(n, k, d).

It is easy to establish that the family R(n,k,d) is equivalent to a family
which is induced by the canonical projection p : R —— E(n, k,d) and the
family

En,k,d) — E(n,k,d).



82 On the classification of rank 2 vector bundles. . .

We denote by Ry (n, k, d) the family on Ry which is induced (via the canonical

projection Ry e, R) by the family R(n,k,d). This family will play an
important role for the solution of the universality problem.

Now, there remains just a single problem for us — ”the problem of pushing
down”. Namely, let varieties X and Y be given together with a bundle E over
X and a regular map ¢ : X —— Y. Is it possible to find such a bundle E’
over Y that E would be equivalent to the lifting of E’ with respect to ¢? In
our case the situation is sufficiently simple: as X we have X x R,,(7), as Y we
have X x P(R, (7)), as ¢ we have a natural map ¢(h) = ¢(a,h), « =0, and
as E we have our bundle R(n, k, d), which defines the family R(n, k,d). It is
not hard to show, however, that it is impossible to construct such a bundle in
our case. Because of this, we have to introduce another discrete invariant.

Definition 15. For any extension 0 —— L —— E we will denote by
a(E, L) the integer number g + vp(h), where E*(L) is a matrix divisor of the
shape (9), which defines E.

Obviously, if (E, L) is a quasi-bundle, then «(E, L) is its invariant. In what
follows, we will consider (n, k, d, «)-families of extensions or quasi-bundles with

alE,L)=«.

We will consider, further, the families £(n, k, d,«) — E(n, k,d, ), which are
the restrictions of the family R(n, k,d) on E(n, k,d) N R%(7)S*(X), where R
is a subspace of

2n+d—1

R, (T) = Z aiTi s

1=—g

defined by the relationships
a; =0, j<a, a,=1L1

There obviously are no equivalent extensions among the elements of the family
E(n,k,d,a).
Remark. It is clear that

dim E(n, k,d, 2k) > dim E(n, k,d, «)
for any a # 2k and that
dim E(n, k,d, 2k) = dim E(n, k,d) — 1.
Moreover, it is clear that
E(n,k,d,2k) = P(E(n,k,d)) — A(n, k, d, 2k),
where A(n, k,d,2k) is a proper subvariety of P(E(n,k,d)).
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§ 5 The solution of the universality problem for EC(n,k,d).

In this paragraph we will prove the following main theorem.

Theorem 5. The universality problem for the category EC(n,k,d, «) is
solvable and the family £(n, k,d,«) —— E(n,k,d,«) is a universal object in
the category of families of (n, k, d, a)-extensions.

ProOF. Consider the family (£, M) — M of (n, k, d)-extensions. Since
the universality problem for families of line bundles is solvable and the Jacobian
variety J of the curve X is the base of the universal family, the family £ is
induced by a morphism o : M —— I,,_;. But since we restrict the investigation
to the case of (n, k,d)-extensions, 0 : M — Gp_k.n/Gn_kn-1-

The variety Gp—gn/Gn—kn—1, according to Remark 2 of § 1, Chapter 1, is
bi-regular equivalent to S* (X). Thus, the family £ is induced by the morphism
o: M — SF(X).

The family of (n, k, d)-extensions (£, M) —2 M is defined by the exten-
sion

(14) 0 — L(Dy) —> M — L(Dy) —> 0

over X x M.

Let us first study the case when M is an affine variety. In this case the
divisor (® x M) of the variety X x M is a hyperplane section of it, that is
(X x M)/(® x M) is an affine variety.

Because of this, the divisor D; is equivalent to a divisor of the shape

D} +my (D x H),

where D] is an effective divisor. But, since over every curve (X xm) the divisor
D, cuts a divisor of the height n, m; = n, i.e.

Dy ~ Dy +n(D x M) = Dy,

where D7 is an effective divisor.
Analogous arguments show that

Consequently we have an extension
(15) 0 — L(D1—n(®xM)) — M — L(—Di+(n+d)(dxM)) — 0.

The classes of such extensions are in one-to-one correspondence with elements
of the group
HY(X x M,L(2D} — (2n + d)(D x M))).

Let us write down this extension in the form of a matrix divisor.
Let {U}} be a covering of X x M such that in U the divisor (D x M) is
determined by the equation 7; = 0 where 7 = 7(z,m) = 7(x) and 75 = 1.
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Let {U/'},i=1,...,m, be a covering of X x M such that in U; the divisor
D is determined by the equation ¢; = 0.
Consider a covering {U;;} of the variety X x M such that

Uy =U/nUJ, i=12,j=12...,m.

We shall write down the divisor of the extension (14) with respect to this
covering:

].6 Fz ] — —_ n )
( ) J ( 0 d’j 1Tid+ 0 1

where {f;;} € 6O(R,D1DQ_1,{UM}) (the definition was given in §1 of the
present Chapter).

According to Lemma 11, we can assume that the principal parts of the
functions f;; with respect to le)Q_ I are different from zero onlyon S =D x M.
Because of this fact, the matrix divisor has the form

F0 1 fy 0
o= (P07 e ) (0 ) = (8 )

2n+d—1
where f1, = Y ozlj?l, oy; are regular on Uy ;.
—N;=l
Let {V;} a covering of (D x M) : V; = Uy; N (D x M). Consider a map
vj : Vj — (RNi(1) — D), defined as follows:

2n+d—1

i) = Y ay)r.

—N;

Since {f1;} € ﬁ)(/\/l, [)1[)2_1, {Ui;}), all f1; have the same principal part with
respect to divisor le);l. Because of this, N; = N; = N and «y;(v) = ay;(v)
on V; N'Vj.

Thus, there is a regular map v : M — RN(7).

Consider a map (0,7) : M — S*(X) x RN (1) = Ry, defined as follows:

(0,7)(m) = (a(m),v(m)).

Obviously, the family (£, M) — M is induced by the map (o,v) : M — Ry
and the family Ry — Ry (the definition is given in the previous paragraph).
But the family Ry itself is equivalent to the family which is induced by the
projection ¢(P) : Ry — E(n,k,d,a) and the family &(n, k,d,a) —L»

E(n,k,d,«). Consequently, the family (£, M) —— M is equivalent to the
family which is induced by the map M —— FE(n,k,d,a) and the family
E(n,k,d,a).

Now let us turn to the general case.
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Let M be an arbitrary variety, {U;} is its covering by affine varieties and
U, =M-25,.

In this case the family £ is also induced by a morphism o : M — S¥(X).

There the extension (14) takes place, where

D ~ Dy +n(® x M)+ ms;;

here D, is an effective divisor, and we can take i to be any number since
s; ~ sj. For each k we can represent the extension of M in the form of (16)
where fi’; have non zero principal parts only on (D x M) + (X X s;). The

restriction of the family M — M to Vj, is induced by the map (o, vxdn, P) :
Vi — E(n,k,d). It remains to check that

(Ua ’ykéNkP) = (Uv VléNLP)
over (X x Vi) N (V; x X), so that

'YkQENk P = 'YIQ;Nl P

over Vi NV}.
But it is obvious, since the co-chains {ff;} and {f};} defining the same
extension of M, are equivalent, so there exists a function f such that

{rh =iy =1{rr

But this means exactly that the distributions defined by the restrictions of
{fE} and {f}} to the curve (X x v), where v € Vj, NV, differ by a function
distribution so they are cohomologous to each other (see §2 of the present
Chapter). Thus, the family (£, M) — M is equivalent to the family which is
induced by the morphism (¢,%) : M — (E(n, k,d,«)). This proves that the
family £(n, k,d,a) —L+ FE(n,k,d,«) is the universal object in the category
of families of (n, k, d, a)-extensions.



CHAPTER 3
Weak independence of the invariants

8§ 1 Properties of quasi-bundles.

Not every extension is a quasi-bundle.

Proposition 6. An extension 0 — L —> F is not a quasi-bundle if
and only if either there exists a homomorphism i’ : L —— FE,7' # i or there
exists a homomorphism L(D ") ——~ E where n = h(L).

The proof follows easily from the definition of quasi-bundles and the fact
that the height does not increase under homomorphisms.

Corollary. An extension 0 —— 0 —— FE is not a quasi-bundle if and
only if either dimI'(E ® L(®"!)) > 0 or dim['(E ® L*) > 1.

Theorem 6. Let M(n,k,d) be the set of the extensions from E(n,k,d),
which are not quasi-bundles. Then M(n, k,d) is a homogeneous algebraic va-
riety.

ProoOF. Consider the family £(n, k,d) — E(n,k,d) and the family

E(n,k,d) ® L(®"™Y) —= E(n,k,d),
defined as follows:
—1 _ h n—1
The set {a € E(n,k,d) : H'(X,77!(a)) > 1} is an algebraic subvariety of
E(n,k,d) due to the semi-continuity principle for algebraic families (see [5]).
The statement of the theorem follows from the analogous arguments for bundles
of the height n with ¢(E) = 7.

To compute the codimension of the variety M(n,k,d) and to construct it
explicitly we need to study more carefully matrix divisors of the type E"(n,n).

86
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8§ 2 Sections of a matrix divisor.

The notion of a matrix divisor over a curve is equivalent to the notion of
a bundle. It remains to define a notion which is equivalent to the notion of a
section of a bundle. The subsequent definition fills this gap. Here we use the
geometric terminology in order to emphasize the relationship of the consequent
arguments with the material of §1 and §2, Chapter 1.

Definition 16. A section of a matrix divisor E is a pair of functions
91, g2 € k(X) such that the components of the vector

g1 1,2
EI - b T
()=

are regular at a point = of our curve X.
It is obvious how one constructs, starting with a section of a matrix divisor,
a section of the corresponding bundle and vice versa.

Zeros of the section zl are given by the mutual zeros of ul and u2. Zeros
2
of the section Sgll form a divisor 7;.
2

Let us study sections of a matrix divisor B = 7™E"(n,n). We shall denote
by Lj the line bundle of the extension E"(n,7n). Write down the following
conditions on g; and go:

at the point ©

T 0 1 h(T) g1 m—n m+n
( 0  gpmintd ) < 0 1 ) ( g ) (77" (g1 + hg2), 7 2),

at a point C' € n

e 0 g _
" < 0 75! ) ( 0 ) = (rog1,7¢ " 92),

and at the other points

(44)(2) -t

Let us first of all write down the conditions on gs. We have:
go € LD Hdn=1) 50 gy defines a point in the linear system |D™+7+dy=1|
and is determined itself by this point uniquely. Hence a linear map is defined

I'(B) —%» D@™" =) = D(L(D™) @ L*(n® ") @ L(D?).
The geometrical meaning of this map is given by the following
Lemma 16. Let s = (?) be a section of B and (go) = &nqp® ™74,
2
Then ¢ = &(Ly, L,).
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PROOF. Sections of the sub-bundle L, are given by vectors <g> . Therefore,

0
g1 g
« =
(2)-(%)
at a point x € X, it is necessary and sufficient that

ve(g2) > Vw(®m+n+dn71)7

in order to have

and this gives the statement of the lemma.

Before we write down the conditions on g; let us introduce a couple of new
notations and notions.

Definition 17. A defect of a function f € L£(¢{) at a point € X is the
number

ds(f) = va(Q) +vu(f).

This number is denoted as dS(f).

The symbol g.c.d.(£,&') is used for the divisor which consists of the mutual
points of effective divisors £ and &'.

The symbol €' denotes the minimal mutual multiple of divisors ¢ and £’

Now let us write down the conditions on g;:

1) g1 € L(DIFFmHy),

2)g1+hgo=0 mod 7" ™ !or

27) lJ1 =_} mod 7_2n+d 1— dC (g2) C ®n+m+dn71

In the future, speaking about a defect of a function g we will have in mind
the defect in the linear spaces £(D"t™+dy=1). Therefore, if do(g2) = 0 then

h=— [91] .
92 2n+d

Thus, we have proved the following theorem, which establishes the nec-
2n+d—1 .
essary and sufficient conditions on h = > a;7° which a matrix divisor
-9

B = E"(n,n) ® L(®™) must satisfy to have a section.

Theorem 7. A divisor of the form B has a section s such that
ng - &(Ly, Ls) = & if and only if there exists a function for which

(1) f e L(@I*E- D0,

(2) h=f mod r2ntd-1-va(&),

The next lemma makes it possible to compute the divisor - support of the
intersection of two line bundles - in terms of the matrix divisors.

g 9,
! L'} be sections of B. Then
2

¢ =g195— 9192 € L(®2m+d).
Further, let ¢ = (¢)o be the divisor of zeros of ¢. Then
nsg(Lm Ls/)’qsl = @max(g”ﬂ*ktfm)g,

Lemma 17. Let s = and s’ =
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where k = deg (.
PrROOF. We have:

According to Lemma 16,

(g2)o =&, go € LMY

and ,
N e p@mPe), L er@mie),
92 92

where & = (g4)o. From Theorem 7 it follows that

9 g cr nee’
g 9/2 ©2n+d—max(d9 (92),do(g5)) )’

from which one deduces that

!

g g
(1 - ,1) 9295 €

g2 9o

cr (@2(m+n+d)*d® (92)—do (95) —2n—d+max(do (92),do <g;>> € L(D2mHdy,

This proves the first statement of the lemma.
The equality as(P) + Bs’(P) = 0 holds if and only if the following system
of homogeneous equations

auby(P) + B(u)p(P) = 0,
aub(P) + B )p(P) = 0

has a nontrivial solution, so if and only if

Np(P)

up(P) (W)p
P )5 (P)

") ( =0

u
u

But if P = © then D(P) = 7" "¢(D); on the other hand if P # D then
D(P) = ¢(P). From this fact it follows the second statement of the lemma.
Thus the lemma is completely proven.

In §1, Chapter 1, we have seen that

&(Ls, Ly) = {(Lasta’s Lﬁer,@’s’)

for almost all (a,a’) (so on whole the projective line (a,a’) except a finite
number of points) and

nsﬁ(La Ly)ng = 77as+oc’s’§(Las+oc’S’ ) Lﬁs-&-ﬁ’S’)nﬁs-‘rﬁ’S’

for every (a, o), (8,3).
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Let us solve the inverse problem, namely let

(18) st(Ls,Ls/)ﬂs’ = nsg(LsaLs”)ns’“

What could be said then about s”? The answer is given by
Theorem 8. Let s, s’ and s” be sections of B and assume and assume that
they satisfy relation (18). Then s” = as’ + "/, where s/ € T'(Ly).

/ /!
PROOF. Let s = (91), s’ = (g,l) 8 = (9/1/) and assume that the relation-

92 92 92
ship (18) is satisfied. This means that divisors (9195 — g192) and (9195 — g1 g2)
coincide with each other (see Lemma 17) and, consequently

a(g19z — 9291) = (9195 — 9291 );
implies that
g _ ogi — g1

92 agh—gy

/ 1"
Since <g1), (g/1> and <g},) are sections of the same bundle, then
92 92 92

g1 ag) — gy = gi" € L(DITTEy)
92 aghy — gy = gy’ € LD
Therefore our problem is reduced to the following: find a function ¢ such that

91, gl¢ € £(©g+n+m+dn)7

20
(20) 92,920 € L(DTMTdp=1),

Let
(g2) = En@nmmdtdole),

Then it is obvious that ¢ € £(£). On the other hand, if
(g1) = 5/9—(g+n+m+d)+d®(51)n—1’

then & = ¢-( since g1¢ € L(DITH™Fdp), Tt means that if the function ¢ does
exist then the divisor of the poles (¢) belongs to the divisor of zeros of the

section s = (Zl>, and vice versa, if dim £(ns) > 1, then taking any function
2
from L(n,) we get the relationship (20). Obviously, the section
§ — ( 919 )
929

belongs to I'(L), Consequently,

§" — 919 _ gy — gy —as —§"
926 agy — g3 ’
n

so " = as’ — ", which is what we wanted to prove.
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§ 3 Computation of the codimension of variety M(n,k, d).

In this paragraph one proves the following theorem, which is extremely
important for the classification of the bundles.

Theorem 9. codimp(E(n, k,d))M(n,k,d) > 0.

Moreover, one gives an effective method to construct

My (n, k,d) = M(n,k,d) N (H(n,n))

and, in particular, one proves that the irreducible components of M(n,k,d)
are rational varieties.

The subset M(n, k,d) which consists of extensions but not quasi-bundles,
splits into two parts:

M(n, k,d) = M'(n,k,d) U M" (n, k,d).

The first part M’(n, k,d) consists of such E”(n,n) which contain a homomor-
phic image L(®"~1), that is h(E"(n,n)) < n. The second part M" (n, k, d) con-
sists of such E"(n,7n) which contain a homomorphic image L(n®~") other than
Li. Both these sets are varieties. The variety M” (n, k,d) has big codimen-
sion in E(n, k, d) and can be computed in exactly the same way as M'(n, k,d).
Because of this we shall compute only M’(n, k,d). Denote by M; (n, k,d) the
intersection M'(n, k,d) N H(n,n).

Let us study when bundles E"(n,7)® L(D~"*!) have sections, that is when
m =n— 1. Then from the results of §1, Chapter 1, it will follow that for every
divisor E"(n,n) the divisor-support of the intersection L and (L(D~"+1))
(where 1 is a homomorphism) belongs to the linear system |27~ 1¥dp=1|. Let
¢ € |~ 1*dp=1| Then, according to Theorem 7 all the divisors E"(n,n)
containing ¢ (L(D~"*1)) and such that

nsE((Ls(D7"Y), L) = &,
form a linear subspace in H(n,n) which is given by h € H(n,n) such that
h=f mod 72" td-1-va ()

where f is an arbitrary function from £(D9n2¢D¥= ),
Consider the direct product

P(L@ITHMH)) x P(L(D™ My~

and define the following map ® : P —— R, (1),

g 2n+d—1
(21) ®(g,9') = {,] o
9 lontd—do(g') 2n+d—do (g')

where a; are any numbers.
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Lemma 18. The function & is regular on
LD ) s (P(L(D Ty (L)

PRrROOF. Let
R, (1) = T9R,(7),

where
R, (1) = 779k[[7]] mod 72"+,

Then ﬁ}l (1) can be regarded as a vector space over k and as a ring. Consider
the map @ : R, (1) x RL(7) — R, (1),

d(a,b) =a-bt mod 72"

This map is rational. Let

-1

g+2n+d—1 %)
bt =< E $i7'1> = E Bitt,
=0

i=0
where
1 po— _ DPy(wo, 71, .., 7%)
ﬁO_iv 1__72a"'76k2_ k1
To Ty xg
and
2n+d—1
a= E YT
—-g
Then
2n+d—1
ab~ ! = E YT?
-9
and

_ yiPj(zo,. .., %)
W=D aa] :
X
i+j=k 0

It follows that the map ® is rational and regular on
Ry (1) x Ry, (1) /TRy, (7).
Restricting it to

7_n+7n+dfl [£(©g+n+m+d71n)] X Ternerfl [‘C(@n%»mqtdflnfl)]

2n+d ontd’

we get the statement of the lemma.
Lemma 19. The function @ is linear and injective in the second argument.
PROOF. The linearity of ® follows from the linearity of []2,,+4 (see §4). Let

g.g' € LIl - f e prpminisly )



Chapter 3. §3 Computation of the codimension of variety M(n,k,d) 93

and ®(g, f) = ®(¢’, f). Then

g n*é
- ? €L <©2n+d—dn(f)> ’

S

where &' = (fy). But
s S
©2n+d _ d@(f) 33’

2
: RS o ny _
dim £ (©2n+dd©(f)> =dim L (5> =0
due to the choice of ) (see §4, Chapter 1).
Lemma 20. Let M; (n,k,d) = M'(n,k,d) N H(n,n) € H(n,n). Then

SO

codimp (y, ;) M0 (n, k,d) > 29 — 2n — d + 1 — dim L(KD 2"~ y),

where K is the canonical divisor.
PROOF. Indeed, according to §4, as H(n,n) we can choose any vector space,
complementary to the space [£(D91?)]2n+q. Hence

codim () M, (0, k, d) = codimp, () ®(P).
Since ® is a rational map,
dim ®(P) < dim P = dim [D>* ™47y~ | 4 dim [T T4 1y | 4 1.

The dimension of the last linear system equals to 2n +d — 1 + k since ® is not
a Weierstrass point. It follows that

COdimRn(T)Q:)(P) > g— k — dim |@2n71+d7771| )
Applying the Riemann—Roch theorem we get
codimy () My (n, k,d) = 29 —2n —d + 1 —dim £ (KD "~y .

Proof of Theorem 9. Let us prove that codimM’(n, k,d) in E(n,k,d) is
greater than or equal to 2g — 2n + 1 — d. We need to compute the dimension

dim ] PL@7D W) =1

nes* (X)
£€‘©2n+d71n71‘

Note that
r<dim | £@70),

46‘50211,—1+d|

where ¢’ = (. Indeed, for any ¢ € |592"+d_177_1| one has:

E-m=Ce DM L(DIn*E) = L(DINC),
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where 1 = cfl sl i =t e here B <y
Then, we have

dim (J (L@ =4n+d+k-1-g,

C€‘©2n71+d|

since ® is not a Weierstrass point, and for any ¢ = ¢7'" ... ¢ there exists just

n
a finite number of n’s; this number is less than or equal to [] (a; + 1), hence

i=j
codim M(n,k,d) > 2g—2n+1—d.

The next lemma studies the component of the maximal dimension in the set
of bundle classes.
Lemma 21. If n =g, k =1 and d = 0 then codimp 4 c) M(g,1,0) > 1.
PROOF. In this case dim L(KCD~29%1) > 0 if and only if CK ~ ©2971,
where K is the canonical divisor of the base curve X. But this is impossible,
since

L(CK)D L(K), dmL(K)=g, dimL(CK)=y,

thus L(CK) = L(K). Consequently, the order of the divisor of poles for any

function from L£(CK) is less than or equal to 2g — 2 and therefore the divisor

D29~1 of degree 2g — 1 can not be the divisor of zeros of any of these functions.
Further, we write M(n,k,d, o) = M(n,k,d) N E(n, k,d, «).

§ 4 Conclusions.

Thus, the set of classes of quasi-bundles degree d, height n, index k& and
a(F) = « coincides with

E(n,k,d,a)/M(n,k,d,a) = K(n, k,d, o),

and codimg (s, k,d,0)M(n, k,d, ) > 1. The variety K(n,k,d, ) is the base of
family of (n, k, d, a)-quasi-bundles: £(n, k,d, ) — K(n,k,d, «), which is the
universal object in the category of families of (n, k, d, a)-quasi-bundles.

The following lemma distinguishes the component of the maximal dimension
in K(n,d, k,a).

Lemma 22. If n > n’ then

dim F(n,0,d, 2k) > dim E(n, 1,d,2k) > dim E(n/, k, d, 2k)

for any k.
PROOF. Indeed,

dim E(n,1,d,2k) — dim E(n', k,d, 2k) = 2(n —n') — (1 — k") > 0.
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Corollary 8. M(n,k,d) =@ if n < [g%d].
Therefore the following main theorem is proven.
Theorem 10. The component of maximal dimension of the set of classes

of quasi-bundles of degree d = 0 is the following bundle over (X — D):
P(I3,_4 & T%(X)),

where I3,y = (X —®) x E34_4 is the trivial rank 3g —4 bundle with no proper
subvariety.

Remark. For quasi-bundles of degree d = 1 the component of maximal
dimension of the variety of equivalence classes coincides with the component
of maximal dimension of the set of equivalence classes of rank two bundles,
namely, the following theorem holds.

Theorem 11. The component of maximal dimension of the set of equiva-
lence classes of quasi-bundles of degree d = 1 is a 3g — 3-dimensional projective
space with no subvariety. Moreover, there are no two quasi-bundles from this
component with equivalent rank 2 bundles. Thus, this component is the com-
ponent of maximal dimension in the set of equivalence classes of rank 2 bundles
of degree d = 1.

The family £(g —1,0,1,0) — K(g—1,0,1,0) is the unique candidate to
be the universal object in the category of families of degree d = 1 bundles.

A question arises wether or not it is possible to find a variety of classes
of bundles — not of quasi-bundles — of degree 0, as was done for degree 1
bundles.

This variety can be obtained only in the case ¢ = 2. In this case this
component is a projective space (of dimension 3g—3 = 3) without the Kummer
surface of the curve X as well.

Varieties K (n,k,d, ) are open varieties and because of this the question
arises whether we can glue them together to a joint closed variety, that is the
question about the topology in the union | E(n,k,d,a).

n,k,d,«

Here the fact that the varieties E(n,k,d, ) are open is extremely impor-
tant. The next proposition shows that for the representability of the canonical
functor, giving the classification of the bundles, restrictions and fixing of some
invariants are necessary.

Proposition 7. Let Var be the category of algebraic varieties and

F
Var — &ns

be the functor from Var to the category of sets Ens which associates to each
variety V the set of families of rank 2 algebraic bundles with base V. Then F
is not representable (in the sense of Grothendick).

Indeed, let us suppose that there exists a variety V' and a family of bundles
YV —— V which is a "universal object”, a solution of the ”universality problem”
in the category of families of algebraic bundles in the sense of Grothendick (see
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[4]). In this case a family of bundles £ —— E should be induced by a morphism
E-2v.
Consider a family H(n,n) —— H(n,n), which is the restriction of the
family
E(n, k,d,2k) — K(n,k,d,2k)

onto some H(n,ny) = Vo. Vp is a linear space and it is easy to see that there
are entire algebraic curves inside V[ consisting of equivalent bundles. But
there exists a subvariety D C V{, such that there are no equivalent bundles in
V € Vo — D (since (n;(E),n;(E)) = 1; see §2, Chapter 1).

The family H(n,n) should be induced by a morphism ¢ : Vo —— V,
which is one-to-one on Vj — D and dim ¢(D) < dim D. But there is no such a
morphism for a linear space. Therefore, to solve ”the universality problem” in
the category of families of algebraic bundles it is necessary to fix some of the
invariants.

How are the sets K(n, k, d, o) related to each other, or, in other words, what
is the topology of |J FE(n,k,d,«)? The only thing one can say about it is

n,k,d,«x
that in the topology of E(n,k,d,a) elements of E(n,k + 1,d,«) and E(n —
1,k,d, ) are not separated from decomposable bundles.
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Vector bundles of finite rank over infinite
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This article contains a proof of the conjecture of Schwarzenberger that
vector bundles on infinite-dimensional projective space Po split as the
sum of line bundles, and a generalisation to quasi-homogeneous projective
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Introduction.

The nonsingular hyperplane section of a projective variety inherits many of
its topological properties, whilst losing many of its geometric ones. The inverse
operation — that of embedding a variety as a hyperplane section of a bigger
one — is called a linear extension, and an infinite tower of extensions gives rise
to an infinite variety — an object which is extremely convenient for checking
some of the main conjectures of algebraic geometry.

The aim of the present article is, whilst leaving aside the infinitesimal or
formal theory of extensions, to use elementary geometric properties of infi-
nite projective varieties to solve a group of problems which have attracted the
attention of algebraic geometers in recent years (see [2] and [3]).

The language of infinite varieties in the proof of Schwarzenberger’s conjec-
ture (Theorem 1, § 3.1) and its generalization (Theorem 2, §3.1) allows us
to avoid the cumbersome description of a large number of constants of the
finite-dimensional theory, the only point of which is that they be ”sufficiently
big”.

The article is divided into three chapters, each of which falls into two sec-
tions.

Chapter 1 gives a definition of an infinite projective variety (§ 1.1), and
describes its simplest properties. Chapter 2 contains auxiliary results which we
need for the study of vector bundles. Chapter 3 contains a proof of Schwarzen-
berger’s conjecture (§3.1), and of its generalization (§ 3.2).
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CHAPTER 1
Infinite variety

§ 1 Linear extensions and infinite variety.

Definition 1.1. Let X; be a nonsingular complete algebraic variety, and
let Xo be a nonsingular positive divisor on X7 such that X; — X is an affine
variety. 1 The pair (X7 D Xp) is called a Lefschetz pair.

Definition 1.2. A Lefschetz pair (Xo D Xy) is called a linear affine ex-
tension of the pair (X7 D Xp) if the self-intersection class X? of X; in X, is
linearly equivalent to Xy (as divisors on X7).

Definition 1.3. A polarized variety (X7, Xo) is called absolute if the divisor
class X contains a representative Xy such that the Lefschetz pair (X7 D Xo)
admits an infinite extension.

Definition 1.4. An infinite tower of extensions

XoCcXyC---CX,Co--

is called a flag over Xy C X7.
Definition 1.5. The flag Yy C Y7 C .-+ contains Xo C X; C --- if for
each 7 we can find j(i) for which

(1.1) Xi C Y.

If at the same time this embedding is strictly compatible with the filtration,
that is, if

(1.2) X; C Y](’L) = X;_1 C Yj(i)—la
then the flag Xo C Xy C .- is strictly contained in Yy C Y; ---; notation:
xXcCy.

Definition 1.6. Two flags are equivalent if they are both strictly contained
in a third.?

ITranslator’s note: It seems reasonable to make the further restriction that the divisor Xo
be ample

2Translator’s note: This equivalence is absurdly strong, since it implies that all flags of
complete intersections are equivalent to P;; in the sequel the author seems to consider two
flags X; and Y; as equivalent only if they coincide up to renumbering from some point on;
that is, if, for some n and m, X; = Y;4,, for i > m.

101



102 Vector bundles of finite rank over infinite varieties

Definition 1.7. An equivalence class of flags is called an infinite variety
denoted X .

The simplest example of an infinitive variety is the infinite-dimensional
projective space P, defined by a flag over Py € P;.

Definition 1.8. A variety X, is contained in another Y, if there exist
flags Xo C X7 C --+ and Yy C Y7--- defining X, and Y., and the first
flag is contained in the second. If this inclusion is strict, then X, is called
a subvariety of Yo of finite codimension, or a strictly embedded subvariety;
notation: X é Y.

If the variety X, is defined by the flag Xg C X7 C - - -, then the embedding

Xo c X4, ¢ --- C X, C Xn+1 C
(13) @] @] U
X C -+ CX,.1C X, C

and the shift of the filtration by 1 defines a strict embedding X, & X of X
into itself as a divisor.

Definition 1.9. Let X, be defined by the flag Xy C X3 C ---. A system
{E;} of vector bundles F; on the X; satisfying Ejx,_, = E;—1 defines a vector
bundle E on X.

Definition 1.10. Pic X, will denote the group of isomorphism classes of
line bundles on X .

As we have seen (1.3), every representation of X, by a flag XoC X1 C---
defines an effective divisor on X ; that is, a positive element of Pic X,. Thus,
the choice of a flag defining the variety gives us a choice of polarization on X ;
that is, of an effective positive line bundle A on X .

Thus a polarized variety (X7, L) is absolute if we have an embedding X; C
X of X7 into an infinite variety, such that L = h|x,, with h the effective
polarization of X .

Definition 1.11. The vector bundle E on an absolute variety X7 is said
to be absolute if E is the restriction of a vector bundle on X ..

The Lefschetz theorem allows us to speak of the cohomology of infinite
varieties since for a flag Xg € X; C ---, for every integer i there is some
integer j(i) such that res : H'(X;) — H%(X;_1) is an isomorphism for
J > j(i). There is a similar assertion for sheaf (coherent) cohomology.

The simplest class of infinite varieties is the class of subvarieties of P, of
finite codimension. .

Definition 1.12. An infinite variety X is called projective if X, C Poo.

Definition 1.13. An absolute variety (X1, L) is called projective if (X1, L) C
(Xoos h) C P

As an example of absolute projective variety we can take any complete
intersection in P,,.

The following is a weak corollary of the results of Barth and Larsen [1].

Proposition 1.1. For a projective infinite variety X ¢ Poo:
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1) Pic Xoo = Z and Pic X is generated by O(1);
2) H{(X) = H (P.,), the isomorphism being given by restriction.

These results also follow from the Lefschetz theorem if we take into account
the following.

Proposition 1.2. An absolute projective variety X, C P, is a complete
intersection.

This assertion was first announced by Hartshorne [3]. We will however not
make any use of it, since the arguments we present are simpler, and Proposition
1.2 can itself be deduced from them.

There exist a fair number of simple examples of absolute varieties which
are not projective. For example, a double space X —*+ P, can be defined
by a system of double coverings X; —#', P;, ramified in some flag W; C P; of
hypersurfaces of even degree; X, can be polarized by ¢*(O(1)).

Proposition 1.3. For the double space ¢ : Xoo —> Py, we have Pic X =
Z, a generator being given by ©*(O(1)).

Indeed, for the ramification divisor W, we have W EXOO and W EIPOO,
and both X, — W, and P,, — W, are affine varieties; so by the Lefschetz
theorem, Pic X, = Pic W, = PicP.

It follows from this that the infinite double space X, is not a projective
variety.

Proposition 1.4. If X ¢ P, then for every d € Z we have
HY (X, I(d)) =0 fori>0.

Proor. It follows from Proposition 1.1 that for every ¢ we have
H (X, 1) = 0. It follows from the short exact sequence that H(X,, I(d)) = 0
for every i and d < 0. Let Xog C X7 C --- be aflag defining X,. Then for every
d there is an Ny such that H*(Xo, I(d)) — H*(Xy,I(d)) is an isomorphism
for N = Nd.

Since Pic Xoo = Z, the canonical class is given by Kx, = I(k;), and by
the adjunction formula one has k;1; = k; — 1. Hence we can find some Ny
such that ky < 0 for all N > Ny. Hence, using Serre duality, h*(Xy, I(d)) =
RN~ X, I(ky —d)) =0 for N > 0, since ky —d < 0. Q.e.d.

In the sequel we will not insist on the nonsingularity of our infinite varieties,
making special mention if nonsingularity is necessary.

For infinite varieties the two following extremely simple assertions work just
as well as the maximum principle for complete varieties.

CONNECTEDNESS PRINCIPLE. If X é Py 5 Y are two projective infi-
nite varieties, then they intersect in some subvariety of finite codimension.

Thus any reducible variety X c P, (having a finite number of compo-
nents) is connected.

RicIDITY PRINCIPLE. A morphism of an infinite projective variety Xso c
Py into any finite-dimensional variety Z is constant.
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Indeed, if ¢ : Xoo — Z, then for any two points z; and 2o of Z the
fibers ¢ ~1(21) and p~1(z2) are varieties of finite codimension in P, and hence
intersect.

We can include varieties such as the double space of Proposition 1.3 into
our theory provided that we go over to weighted projective space (see [4]). Let
w = (do,dy,--+ ,d,) be a collection of integers, and let P, be the weighted
projective space® of index w. Then the pair P, C P(y,1) is a Lefschetz pair in
a certain sense. Let us partially order the set of indices by wi; C we < wy =
(w1,1) and consider the infinite sequence w; C wg C +++ C Wy, C *+* = Weo.
This defines a flag P,,, C Py, C --- C Py, C --- =P,,__, which can naturally
be called infinite weighted projective space.

Definition 1.12’. An infinite variety X, is called a weighted projective
variety if Xoo é Py, .

The weighted projective space P, has a standard covering by the standard
projective space:

(1.4) Pw :P[u,] _— Pw,

where [w] = n is the dimension of P, (see § 1 of [4]), which is a Galois covering

n
with Abelian group [] pa,-
i=0
We get a diagram of coverings:

Pwl C Pw2 c -+ C Pwn c - = Pwoo
I‘Pwl I‘ng Puwnp Pwoo
P[wl] C P[wz] c - C P[wn] c - = Pwoc

It follows that any weighted projective variety defines a projective variety
Xoo:

X C Py,
(15) I‘Pwm Iﬁawoc

Xoo C Py_.

This finite covering allows us to carry over to the weighted projective case
any assertion about nonsingular infinite projective varieties.
We note two simple properties of the covering (1.4):

(1.6) oo Pic Xy —~+ Pic X, is an isomorphism;
N
(1.7) RogowO)? = @ Ox(m;), with m; <0
i=1
3DEFINITION. P, = Projk[zo,---,zns], where the weighting of the ring k[xo,--- ,zn] is

defined by w(z;) = d;.
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From these facts one deduces at once the analogs of Proposition 1.1 and 1.4
and the Rigidity and Connectedness Principles for infinite weighted projective
varieties.

We take special note only of the analog of Proposition 1.2, which identifies
the class of absolute weighted projective varieties with the class of generalised
complete intersections considered by Mori (see [4]).

Proposition 1.2°. A nonsingular absolute weighted projective variety X C
Py, is a generalised complete intersection. _

This follows easily from the fact that X is a complete intersection in Pp,.

Finally, the following seems to be very plausible:

CONJECTURE (M. Reid). Any absolute X is a weighted complete intersec-
tion.

8 2 The linear connectivity of an infinite projective variety.

We have seen that infinite projective varieties X ¢ P, are similar in
their topological properties to projective space. In this section we note a few
geometrical properties of such varieties X, which are similar to the properties
of quadrics.

Lemma 1.1. Through every point P € X ¢ P, there passes an infinite-
dimensional linear space Py, that is, X is swept out by infinite-dimensional
linear spaces.

REMARK. If we use Hartshornes result (Proposition 1.2), then the lemma
follows from results of Predonzan [5].

PROOF. A projective variety X oo é P has two invariants n = codimp_ X
and d = deg X,.; both of these are integer invariants of a projective variety
which are preserved under extension. Let

Xo c X1 c - Cc X; CXZ'_H C -
N n n N
P, C ]P)n+1 c - C ]P)n+i C Pn+i+1 (GIERE

be the inclusion of flags which defines the projective variety X c Po. Let
2 be any point on X, and z € X; C P,4;. Then the projectivised tangent
spaces to X; at x give a flag (PTX;), C (PTX;41)s C --- which defines the
infinite projective space (PT X ).. Each point of (PTX;), can be interpreted
as a projective line I C P, 4; passing through = and tangent there to X;; that
is, the local intersection number (X;,1), of I with X; at x is at least 2:

(PTX)p = {l CPpys; (X3, 1) > 21

Consider the variety (V¥), = {Il C P,y | (Xi,1). > k + 1}, that is, the

1
variety of lines of P, ; having local intersection number at least k 4+ 1 with X;



106 Vector bundles of finite rank over infinite varieties

at the point z. Then (V*), € (V" V).; (Vi) = (PTXi).; and (V2), is
the variety of lines of P, ; passing through = and contained entirely in Xj.
Lemma 1.2. COdlm(Vk 1, (V)2 <nand VP =VE, N (PTX;),.

Proor. We can find n forms fi,---, f, in P,4; such that X; is given in
a neighborhood of = as the locus of common zeros of the f;; consider affine
coordinates centered on z and write out each of the forms f,, as a sum of

homogeneous forms of ascending degree:
fm = fL 4+ f2 + - with deg 7 =

The components f? can be considered as forms on the projective space (PTP,, ;).
It is then clear that

n n k+1
N =0t =@TX),, and () (({fh=0}) =V}
m=1 m=1 [=1

The first part of the lemma follows from this. The second assertion is obvious,
and the lemma is proved.

COROLLARY 1.1. The flag (V}¥), C (Vi1). C -+ defines an infinite variety
(VE)a-

COROLLARY 1.2. We have the following series of inclusions, each of codi-
mension < n

(Vo(i)l’ é (Vo(i_l):rr é é (Volo)z = (]PTXOO)I =P

In particular, each of the infinite varieties (VX), is a projective variety.

COROLLARY 1.3. Any infinite projective variety X o ¢ P is swept out by
lines.

The variety V¢ of hnes lying on X, and passing through z is an infinite
projective variety V.2 E Py = (PTX )

Lemma 1.3. For any P, C X C Po, there is a Ppy1 such that P, C
Pri1 C Xoo C Poo

PrROOF. We prove this by induction on n. For n = 0 the assertion has
already been proved. Suppose that we know it to hold for n — 1. Consider
alP, C X, and a point x € P,,. Then P, defines a P,_; on Vx‘i - Py =
(PTX).. By the induction hypothesis there exists a P, such that

P,y CP, CVeC (PTXs0)s

But if we take the cone over this P, with vertex z we get a P, 1 with P, C
Pny1 C X, since P, C Vzd.
This corollary implies Lemma 1.1, the proof of which is now complete.
Note however, that the inclusion P, C X, is not strict, since P, will have
infinite codimension in X
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Thus any infinite projective variety is swept out by lines. However, the
only variety in which every pair of points can be joined by a line is of course
projective space. On an infinite projective variety, any pair of points can be
joined by a broken line.

N
Definition 1.14. A connected, reducible curve C = |J C; is called a
i=1
broken line if the components C; are lines in projective space and C; - C; = @
if |j —i| > 1. The number of components is called the length of the broken line.

Lemma 1.4. On an infinite projective variety X o ¢ P any pair of points
x1, X2 can be joined by a broken line of length 2.

PROOF. Indeed, consider the point x € X - Po. The tangent linear
space (T X ), can be considered as the cone over (PT X ), with vertex x:

(TXOO)w = <xa (PTXOO)$>;

this subspace contains the cone C(V4) = (x,(V4)). This cone is the variety
swept out by the lines of X, through z. Hence

codimp_ C(V4) < codimp_ (T X o0 )z + codimppx Vi<n+d+1.

z oo )a

Hence C(V,%) is a subvariety of finite codimension in Ps, as is C(V%); but any
two such subvarieties intersect according to the Connectedness Principle (see §
1.1).

COROLLARY 1.4. If two points x1,x9 € X & Po cannot be joined by
a line of X, then the broken lines of length 2 joining them on X form a
projective infinite variety.

Indeed, if 27 and x5 cannot be joined by a line, each of the broken line of
length 2 joining them is uniquely determined by the vertex at which the two
lines meet. But the variety formed by these vertices is just the intersection

C(VE)NC(VL) C Pa.

N
Definition 1.15. A connected reducible surface S = |J S; is called a
i=1
broken plane if its components \S; are projective planes, and each S; () S;4+1 =
is a line. The number of components is called the length of the broken line.

Lemma 1.5. Let l; and ly be any intersecting pair of lines on Xoo & P
Then these lines can be joined by a broken plane of length 2.

PROOF. Let x be the point of intersection of I; and lo. In V¢ & (PTX)a
the pair of points corresponding to the line I; and Il can be joined by a broken
line of length 2. This broken line of V¢ defines a broken plane of length 2 in
X, joining I and ls, q.e.d.

Lemma 1.6. Let l; and ly be two lines on X & P, which do not in-
tersection. Then X, contains two planes m and 7y such that m; D l; and

1 mﬂ'g 7& .
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PROOF. Let # € | C Xoo C Poo. The line [ defines a point [ € V4 &

PTX..).. Consider the variety V% & (PTVY ; of lines of V¢ passing through
l T T
l. Let
oW =LV

be the cone, swept out by the lines of V¢ passing through the point I. Let
C(CVi™)s = (2, C(Vi™))

be the cone swept out by the lines passing through z and lying in C (Vldl). Then

the variety C2(1) = C(C(V,™)), & X (that is, the variety swept out by the
planes passing through [) is independent of the point = € I. It is a subvariety
of X, or of P, of finite codimension.

Now if l1,l5 is a pair of lines, the subvarieties C3(l1) and Cs(l3) intersect
according the Connectedness Principle; this proves the lemma.

COROLLARY 1.5. Any pair ly, lo of lines on X ¢ P, can be joined by a
broken surface of length 4.

Indeed, according to Lemma 1.6, we can find a pair of planes m; and 7o
with 7m; D I; and m1 (72 # @. Let & € w1 () m2 and choose any lines ] and I}
through x with I} C m;. If we apply Lemma 1.5 to this pair, we get a broken
plane Sy | Sz joining {4 and I; the broken plane m |J S1|JS2 |J 72 then joins
ll and ZQ.



CHAPTER 2
The simplest families of vector bundles over P,

A vector bundle E over an infinite projective variety defines a family of
vector bundles over Py, consisting of the restriction of E to the lines of the
infinite variety. This family contains elementary subfamilies, and it is the
purpose of this auxiliary chapter to describe the simplest properties of these
elementary families.

81 Vector bundles on F;.

In this section we will study the simplest families of vector bundles on a
pencil of lines.

Let 0 : F; —— P3 be the blowing-up of the point P € P;. Then p :
F; —— P; is a fibration with fiber [ = Py, and 0 ~!(P) = S is a section of this
fibration with $% = —1.

We will be considering n-dimensional vector bundles E on F; whose restric-
tion to S is E|s = I,,(8), with § an integer (I,, denotes the sum of n copies of
the structure sheaf; that is, the trivial rank n bundle). Restricting E to the
fibre Ip (for P € Py) we get

Ep = Eli, = & I(p)(di(Ep)),di(Ep) > do(Ep) > -+ > dyn(Ep).

For each points P € [P, apart from a finite number, the invariants d;(Ep),
k;(Ep) and m(P) of the vector bundle Ep are constants, d;, k; and m.

The constants which we will need are di, d,,, k1 and §. The difference
dy — d,, = D is always nonnegative.

Lemma 2.1. h°(Fy,E) < 2dy(dy +1) + (d1 + 1)(6 + 1).

PROOF. For any k we have an exact sequence

(2.1) 0 — E(—(k+1)S) — E(—kS) — E(—kS)|s — 0.
Hence, since E(—kS)|s = I,(k + §), we get the inequality

hO(Fy, E(=kS)) — hO(Fy, E(—(k +1)8)) < n(d + k + 1).
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Summing this inequality from k down to 0, we get

k(k + 1)

W (Fy, E) — hO(Fy, E(—(k+1)S)) <n (6(k +1)+ =

+k+ 1) .
But, for k = dy, we have H(Fy, E(—(k 4+ 1)S)) = 0; this gives us the required
inequality.

REMARK. The same short exact sequence (2.1) also shows that

(2.2) X(E(=kS) = X(E) —n (’g(k;l) + k;6> .

Lemma 2.2. Let E be a vector bundle on Fy such that diy < 0. Then for
every P € Py we have di(Ep) < h(Fy, E).

Proor. The adjunction exact sequence for the fiber over P gives the co-
homology sequence

0 — H%F,E) — H°(F,E(lp)) — H°(F\,Ep) — H'(F\,E);
but H(Fy, E) = H°(F1, E(lp)) = 0, so that
hO(Py, Ep) < h!(F1, E).

But one sees easily that di(Ep) < h°(Py, Ep) — 1, which gives the required
inequality.

Lemma 2.3. Let E be a vector bundle over Fy for which di = —1; then
for any P € Py

(2.3) dy(Ep) — dy < gD(D— 1) — ndé(D — 1) — x(E).

PrROOF. h!(F1, E) = h(Fy, E)+h°(F1, E*®@Kr,)—x(E); but HO(Fy, E) =
0 and Kp, = —25 — 3l, so that d1(E* ® Kp,) = D — 1, and §(E* @ Kp,) =
—(0+1). Applying the estimate of Lemma 2.1 to E* ® K, gives the required
inequality.

Now for any vector bundle E on Fj, the bundle F(—(d; + 1)) satisfies the
hypothesis of Lemma 2.3; that is,

di(E(—=(d1 +1)S))=-1, and O0(E(—(d1+1)S))=0+d1+1
and, by (2.2),
X(E(=(dy + 1)S)) = X(E) = 5(d1 + 1)(d1 +2) = 6(dy + 1).
Now note that for any line bundle L on F; we have

di(E®L)p) —di(E® L) =di(Ep) — di(E),

(2.4) D(E*) = D(E) = D(E ® L).
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di(Ep) —di <

n
< =-D(D-1) —n(5+d1+1)(D—1)—X(E)+§ (d1+1)(d1+2)+nd(dy +1).

From now on we will be considering vector bundles having § = 0; that is,
bundles on Fy of the form E = ¢*(E’) for some E’ over Py. For these bundles
we have the inequality
n

(2.5) di(Ep)—di < 5

n
D(D—l)—n(d1+1)(D—1)+§ (di+1)(d1+2)—x(E) .
for every P € P;. The constant D is nonnegative, and from now on we will
usually consider the case d; > 1. The function on the right-hand side of this
inequality is not monotonic, and is therefore not convenient for iteration; throw-
ing away a term which is clearly negative, we arrive at the coarser inequality

n n
(2.6) di(Ep) —di < 5D(D -1+ §(d1 +1)(dy +4) = x(E) .

The function D(Ep) = di(Ep)+di(E?) is lower semicontinuous, since both
of its components are. We estimate the amount it can jump by

Lemma 2.4. Let E be a vector bundle over Fy with 6(E) =0 and dy > 0.
Then for every point P € IPq

(2.7) D(Ep)— D <nD(D — 1) +n(dy +1)(dy + 4)+
+gD(D—2d1+3)—n(D—d1—2)(D—1)—2X(E).

PrROOF. D(Ep) = di(Ep) + di1(E}). Let us apply (2.6) to di(Ep), and
(2.5) to
41 (Ep) — dy(E) = dy(B* © Kr,)p) — dy(E" @ Kpy)

by (2.4). One sees easily that di(E*(Kp, —5)) = D(E) — d1(E) — 3, and that
0 = 0. Then, (2.5) gives

(#) di(Ep)—di(E") < 5 DD —1)—n(D—dy —2)(D - 1)+

’I’L(D—dl —2)(D—d1—].)
2

since x(E) = x(E*® Kp,) = x(E*(Kp, — 5)). Adding (*) to (2.6) and adding
n(dy 4+ 1), a term which is clearly positive, gives us the required inequality.
The inequality that we have obtained allows us to estimate the jump in the
degree of the maximal subbundle of the restriction of F to a fiber.
Lemma 2.5. There exists a polynomial F(X1, X2, X3) in 3 variables, hav-
ing the property that for any vector bundle E on Ps, whose restriction down
to a general line has the constants dy = d1(E|;,,,) > 0 and D = D(E|;,,,) and

|3

+

_X(E) )

lgen lgen
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whose restriction to some plane ™ C P3 has x(E|x) = x2, and for Iy C P53 an
arbitrary line, we have
di(El;) < F(dy, D, x2).

ProoF. We put

n n
[1(X1, X2, X3) = §X2(X2 -1+ 5 (X1 + D)X +4)+ Xy — X3,

fQ(Xl,XQ,Xg) = TLXQ(XQ — 1) -I-’Il(Xl + 1)(X1 + 4)—
— TL(XQ — X1 — 2)(X2 — 1)—|—

-‘1-%X2(X2—2X1+3)—2X3+X2

and set F'(Xy, Xo, X3) = f1(f1, f2, X3); let us show that this polynomial has
the desired property.

Let Iy be some line such that di(E|;,,) = d1 and D(E|;,) = D; let I3 C Ps
be an arbitrary line. Let [ be a line meeting I; at P; (for ¢« = 0,1), and let
m; = (I,1;) be the plane spanned by [ and ;. Let o; : F; — 7; be the blowing
up of P; € m; and let p; : Fi —— P; be the ruling of F;. On F} consider
the vector bundle o (E|r,). One sees easily that x(F|z) = x(¢§(E|z)). Then,
using the estimates (2.6) and (2.7), we have

di(E |1) < fi(d1,D,x2), and D(E|;) < fa(d1, D, x2).

Now consider the bundle o7 (E|s,). Then we have nonnegative constants d
and D’ such that

dl(E|l1) < fl(dllvD/7X2) :
These are constants of the vector bundle (E|y,,,), with lge, the general line

of 71 passing through P;. Now note that if a; > o} and as > @, (and the a
are positive), then fi(a1,az2,x2 = f1(a},al, x2). Hence

di(El,) < fi (di(El), D(E]), x2) <
< fl (fl(d17D7X2)ﬂ f2(d17D7X2)7 XQ) = F(dlaDaX2) .

q.e.d.
COROLLARY 2.1. A vector bundle E on Py, has an integer invariant

d(F) = max dq(E|;).

ICPs
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8 2 Vector bundles over ruled varieties.

Let P ——+ B be a locally trivial fibration over B with fiber Py, and let
s: B —— P be a fixed section of 7, so that s(B) = S is a divisor in P.

Let E be a vector bundle of rank n over P. We can view E as a family
{Ey = E|r-14) }ven of vector bundles over P;. Let

B, =

gen

D3

) llki(di)7 with dy > dy > - > dp,.

Lemma 2.6. Let E be a vector bundle over P such that for every b € B
my
Ey = Iy, a,) @ (ZE_BQ I, v) (di(b)))'

Then the following assertions are true:

1) R°7TE(—dS) is a locally free sheaf on B (and we use the same symbol to
denote the corresponding vector bundle).

2) I‘kRO’/TE(—dls) = kl.

3) The standard map v : 7* ROrE(—d1S) — E(—d1S) is everywhere non-
degenerate.

Proor. 1) and 2) follow immediately from the base change theorem. For
3) note that v cannot vanish on an entire fiber of 7, since

R7E(~d1S) =% ROwE(—d,S)

is an isomorphism; by the base change theorem once more the fiber of
R'nE(—d1S) at b is
HO (7', Ey(—dy)) ,

and the restriction of v to the fiber over b is the standard map
Yo : HO(P1, Ey(—d1)) ® Op — Ep(—dy) .

Since by hypothesis E,(—d;) has no factors of positive degree, its sections are
nowhere vanishing, so that the restriction v, is everywhere nondegenerate. This
proves 3).

Lemma 2.7. Let E be a vector bundle of rank n on P such that, for every
be B, HYP,E,) =0. Let by € B be a point such that Ey, contains as a
factor a line bundle of degree D > 0. Let Bp 3 by be the subvariety defined in
a neighborhood of by as the locus of points b such that Ey contains a line bundle
of degree > D. Then

codimpBp < D(n —1).

PROOF. By hypothesis R7E is a locally free sheaf on B whose fibers can
be identified with H°(PP1, E,). We can assume that the base B is affine. Let sq
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be a section of Ej, having D transversal zeros, sg defining a subbundle of degree
D. Then we can find a section s of E/ over P such that so = s|;-1(;,). Let A
be the subvariety of zeros of s. Then codimpAg < n, and A; meets ﬂil(bo)
transversally in D points Py, --- [Pp. We consider an analytic neighborhood Uy
of by in B. Let Ap, be the branch of the subvariety A at P; in 7=1(Up). Then

D

for sufficiently small (Uy) the fiber over any point b € (| m(Ap,) intersects A
i=1

in D points, and hence

N
Bp 2 () 7(Ag,).
=1

Hence, the lemma follows.

Let E be a vector bundle of rank n over P —— B. We put

d(E) = max di(Ey), d(E) = max di(Ep), and D(E) = d(E) + d'(E) .

Lemma 2.8. Let By ={be B, di(Ey)=d(E)}. Then
codimpBp < (n — 1)D(E),

provided that Bp is nonempty.

PRrOOF. E(d'(E)S) satisfies the conditions of the previous lemma; setting
D = D(E), we get the required assertion.

Lemma 2.9. Let E be such that di(Ep) = d(F) is constant. Let
B, ={be B, ki(Ey) =k = max k1(Ep)}. Then

codimpB,, < k1(n—1)D(E).

PROOF. Again we can suppose that d'(E) = 0. Let b € B,,. Then there
exist k linearly independent sections si,--- , si of Ep, each of which has D(E)
zeros. Each of them extends to a section §; of E over 7—1(U)for some neigh-
borhood U of bg. For U sufficiently small the restrictions of the §; to the fiber
over b € U are still linearly independent. Let P/ be the zeros of the section s,
and let AP{ be the branch of the variety of zeros of the s; around IP’{ . Then

=

By 2 m(Agi),

i=1j=1

which gives the required assertion.



CHAPTER 3
Vector bundles of finite rank over infinite varieties

In this chapter we will prove several theorems on the structure of vector
bundles of finite rank over infinite projective and quasi-projective varieties.

THEOREM 1. Any rank n bundle over Py, is a direct sum of line bundles.

The equivalent ”finite” assertion is

THEOREM 1’. An absolute vector bundle of rank n over Py is a direct sum
of line bundles.

THEOREM 2. Let X c Py be a monsingular infinite projective variety,
and let E be a vector bundle on X, of rank n. Then E is a direct sum of line
bundles.

The equivalent ”finite” assertion is

THEOREM 2’. An absolute rank n bundle E on an absolute projective variety
s a direct sum of line bundles.

THEOREM 3. Let X - P, be nonsingular, and let E be a vector bundle
on X of rank n. Then E is a direct sum of line bundles.

The proof is based on the old result of Grothendieck’s that every vector
bundle on IP; is absolute, and is a direct sum of line bundles, and on a series
of standard arguments of van de Ven and Barth ([2], [7]).

8§ 1 Vector bundles on P.,.

We have seen that any infinite variety X, - P, is swept out by its lines.

Definition 3.1. A vector bundle £ on X, & P is said to be linearly
trivial if when restricted down to any line I C X it becomes trivial: E|; = I,,.

Proposition 3.1 (van de Ven [7]). A linearly trivial bundle on P, is
trivial.

PROOF. Let us blow up some point Py € P,,: P, LA P, . Then P,, can
be fibered in lines P, —~ P,,_; = (PTP,)s, and o~ (By) = P,,_; is a section
of p. Consider the natural map associated to p:

Y *
p*(Rp(0*E)) —— o*(E).
Restrict this isomorphism onto the section o~1(IPy); this gives us an isomor-
phism

~

VNo-1(eg) = R'p(0*(E)) — I,

115
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and hence an isomorphism I, . 5*E. Taking the image of this isomorphism
0

. . . R .
under the direct image functor , we get a morphism I, % E which can only
degenerate at Py. But then it must be an isomorphism everywhere.
COROLLARY. A linearly trivial vector bundle on Py, is trivial.

Definition 3.2. A vector bundle F on X & P, is sad to be level if for
any two lines Iy and lp of X, we have E|;, & E|,.

Proposition 3.2. A level vector bundle on Py is a direct sum of line
bundles.

Suppose that for | C P, we have

Bl = & I, (di), with di > dy > > dn

We have to establish such a decomposition on the whole of P,,. We first
construct a subbundle F; C F such that

Erly = Ii,(dr) and (E/Ey)li = & Ii,(di);
that is, we will separate off inside E a subbundle which will be the maximal
subbundle of each restriction to a line.

To construct a rank k; subbundle of F is the same thing as to construct a
section of the Grassmanisation* Gy, (E), that is, to assign to each point P € Py,
a k1-dimensional linear subspace of the fiber Ep. Let [ be a line passing through
P. Then from the pair (I, P) we can construct the subspace Iy, (d;)p C (E|i)p
— the fiber of the maximal subbundle of E|;. This subspace is independent of
the particular line [; indeed, the regular map Py, = (PTPs)p £, G(ky,n) =
Gi(E)p is constant (by the Rigidity Principle of §1.1).

This gives us the construction of a subbundle F; C E, with E;(—d;) linearly
trivial. Thus (by Proposition 3.1) Ey = I, (dy) over P,.

By induction on n we can assume that E|g, is a direct sum of line bundles,
and the required assertion then follows from the fact that any short exact
sequence of bundles over P, of the form

0—> I(d) — E — I(d) — 0,

is split, which follows since H'(Ps, I(d — d')) = 0. This same proposition was
proved by van de Ven for rank 2 vector bundles [7].

For the proof of Theorem 1 in the general case the construction is the
same, but instead of all the lines of P, the construction uses only a certain
(sufficiently large) part of them.

PROOF OF THEOREM 1. Let E a rank n vector bundle on P,. According
to Corollary 2.1, there exist constants

d = maxd; (E|;), D = maxd;(F|;) + max di(E*|;), k= max ki(F)|;) .
1€P ICPo ICPo

4for the definition, see [6]
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Definition 3.3. | C P, is said to be exceptional for E if
() =d, ki (Flp) = k.

Let (PTPy)p be the set of lines of Py, through P, and let Dp be the
subvariety of lines through P and exceptional for E.

Lemma 3.1. Dp & Py = (PTPs)p is an infinite projective variety, and
codimp_ Dp < n(n —1)D.

PROOF. P lies in some Py for sufficiently large N. Let G(1,N) be the
Grassmannian of lines of Py. We can assume that Py already contains some
line [ for which di(E|;) = d and k1 (F|;) = k. Let G4(1, N) be the subvariety
of lines satisfying this property. Then Lemmas 2.8 and 2.9 give the inequality

codimg,1,8)Gak(1, N) <n(n—1)D.

It follows that for N large enough the intersection of Gg4j with the Pn_;
parameterising the lines through P is nonempty. The lemma follows.

We now carry through a general construction. Let | be a line through P
exceptional for E. Then to the pair (I, P) we we can associate the subspace
Ix(d)p C (E|;)p, the fiber at P of the maximal subbundle of

Bl = Ii(d) ® (é Iki(di))

with d > dy > - -+ > d,;;. This subspace is independent of . Indeed, the regular
map

Dp —2+ Gky,n) = G(E)p

is constant according to the Rigidity Principle and Lemma 3.1. Thus we have
constructed a section of the Grassmannisation Gy (FE); that is, a subbundle
FE; C E. Carrying out an induction on the rank of F, we get a proof of
Theorem 1.



118 Vector bundles of finite rank over infinite varieties

8 2 Vector bundles on infinite projective varieties.

PrOOF OF THEOREM 2. We carry out an induction on rk E = n.

Lemma 3.2. Any vector bundle on X & P is level (see Definition 3.2.).

PrROOF. Let m be an arbitrary plane lying on X & P.. Then E|, =
_anal Iy, (d;), since 1 C Py C X (by Lemma 1.3), and, according to Theorem

N
1, Elp,, = & Iy, (d;) (with d; > d;+1). Obviously, if S = (J S; is a broken
i=1 i=1
plane, then the restriction of E onto each component is the same. Hence the
restriction of E onto all lines which lie on a broken plane is the same. But
according to Corollary 1.5 each pair of lines can be joined by a broken plane

in Xo. This proves the lemma.
Lemma 3.3. Let E be a rank n vector bundle on X c P, and suppose
that E|; = @ Ix,(d;), with dy > -+ > d,,. Then there exists a subbundle Eq C
i=1

E such that Ey|; = Ix,(d;) and E/E, = % Iy, (d;) for every linel C Xoo & Ps.
i=2

PROOF. We again apply our standard construction. Let z € X, and
let I be a line of X, through z. To the pair (z,l) we associate the fiber
(I, (d1))s C (E|;)y- For a fixed x this subspace is independent of I, since
the regular map of the infinite projective variety V¢ into the Grassmannian
G(k1,n) is constant by the Rigidity Principle; g.e.d.

Thus any vector bundle £ on X & P, can be represented as an extension
of linearly trivial bundles twisted by line bundles.

Proposition 1.4 reduces the general case to that of linearly trivial bundles.

Lemma 3.4. Let E be a rank n bundle on a nonsingular X ¢ Py, and
suppose that E|; = I,,. Then E is the trivial vector bundle.

PROOF. The proof is analogous to the proof of Proposition 3.1, with the
only difference that instead of considering the line joining zy to x we will
consider broken lines of length 2.

Consider a point zg € X & P at which the variety deo is nonsingular.
One sees easily that such points do exist. Blow up this point on X, giving
0 Xoo —> Xoo, With o everywhere an isomorphism except for zg € X, and
0 (w0) = Poc = (PTX o)z, C Xoo. Then the inverse image C(Vd) C X is
a nonsingular subvariety. It is a ruled variety p : C (deo) — Vx‘f), with fibers
lines p~1(I) = P;. Consider the inverse image o*(E) = E on X under the
map o : Xoo — Xoo, and its restriction on 5(de0)

Lemma 3.5. E|5(V;lo) is trivial.

PROOF. For every fiber p~*(I) we have 0*(E)|,-1) = E|; = I,,. Hence the
standard map N B

7" R°pElg — Elg

is an isomorphism (we have written C' = CN'(VE%)) The fibration p has the
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ssction sV —» 5(V;lo) given by the intersection of é(deO) and 0~ 1(xp) in
X. Restrict 7y to this section:

’y‘s(vzdo) : ROpE|5 —_— ElS(Vzdo);

but the restriction 0*(E)|s(v;lo) is trivial. Hence ROpE’|5 is trivial, and so E|5
also; q.e.d.
Consider now the following diagram of varieties and maps:

/|
p
~ the fiber p~'(v) =P

v —1/ N _ 1d
l the fiber p](c) =V,
p1

C

Xoo DC(VE)
where

(1) V is the variety of pairs (I,c), with [ a line meeting C(V) and c the
point of intersection. The map p; projects the pair (I,¢) to ¢ € C’(deo).
The fiber pfl(c) = V4 is the variety V.4 of lines of X, through c.

(2) PV is the variety of pairs {z,l 3 ¢}, | © ¢ being a point of V, and = a
point on the line [. p is the projection onto [ 5 c¢. This has a section
s:V —— PV consisting of pairs {¢,! 3 ¢}, for which z = ¢. The map o
is the projection to the point z.

Over a point z, the fiber of o is the variety of broken lines of length 2 joining
z and zo. If z ¢ C(VZ) , then, as we have already seen (Corollary 1.4), the
fiber 07! (z) = C(V2) N C(V,%) is an infinite projective variety, and is therefore
connected by the Connectedness Principle. Hence to prove the triviality of Eit
is enough to show the triviality of o*(E), since R%c(c*(E)) = FE, and the fact
that E is trivial is enough to give the triviality of E on X (see the conclusion
of the proof of Proposition 3.1).

Since a*(E)|p;1(Bc) = E|; = I,,, the standard map p* R°po*(E) —— o*(E)
is everywhere an isomorphism. Restrict this isomorphism onto the section s(V):

Vsvy : ROpo*(E) — o*(E)|s0),

but the restriction of ¢*(E) to s(V) is nothing other than the inverse image
under py of the restriction of E onto C(V4) = C, ie. o*(E)|sv) = pi(E|g).

According to lemma 3.5, this vector bundle is trivial. Hence o*(E)|s) = In,
and the isomorphism |y trivializes Rpo*(E); but then the isomorphism

trivializes o*(E).
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This proves the lemma, and hence also Theorem 2.

PROOF OF THEOREM 3. Let X é P., and let E be a vector bundle on
Xoo of rank n. Let us return to the covering (1.5). Then ¢, F is a direct sum
of line bundles. E is contained as a direct summand in the vector bundle

o (5281 0t 0x, = (,000) o (3 0m)

7

according (1.6) and (1.7). Using the uniqueness of the decomposition of a
vector bundle into a direct sum, we get that E is a direct sum of line bundles,
q.e.d.

Modulo Reid’s conjecture we get a complete description of vector bundles
of finite rank on an arbitrary infinite variety.
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Introduction.

The subject and the title of this paper illustrate Arnold’s paraphrase of Plutarch:

...just as every skylark must display its crest, so every area of mathe-
matics will ultimately become symplecticized

([1], final paragraph of Chapter 14)

I dedicate this paper to Viadimir Igorevich Arnold on the occasion of his fiftieth
birthday.

In algebraic geometry, the notion of a symplectic structure on a smooth
algebraic variety has to be carefully defined, unless we want to restrict ourselves
to a rather special, although very interesting, class of varieties similar to K3
surfaces.

DEeFINITION 0.1. By an algebraic symplectic structure on a smooth alge-
braic variety B we understand any nonzero skew-symmetric homomorphism

(0.1) TB > T*B=QB : w*=-w,

of the tangent sheaf into the cotangent sheaf. An algebraic symplectic struc-
ture is called nondegenerate, if w is an isomorphism at the generic point, and
everywhere nondegenerate, if w is an isomorphism.

Any holomorphic 2-form on a regular algebraic surface defines a nondegen-
erate symplectic structure, and if it is everywhere nondegenerate the surface is
K3.

DEFINITION 0.2. By a Poisson structure on B we understand any nonzero
skew-symmetric homomorphism

(0.1) a:T*"B— TB=QB, o =—a,

with the same non-degeneracy specifications as in Definition 0.1.

The existence of a Poisson structure on a regular algebraic surface implies
the rationality and ”almost” minimality of the surface.

For a smooth B, one can describe the geometry of a sheaf F' in a simple
way analogous to the construction of the Jacobian of a curve: every sheaf has
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1) discrete invariants: the class of the sheaf in a lattice,

2) continuous invariants: the component M (F) of the variety of moduli,
containing F', and

3) operations F' ~» F’ inducing the equality M (F) = M (F").

1. THE DISCRETE INVARIANTS OF THE SHEAF. These are analogues of
the degree of a divisor on a curve: R,,, which is a class in the big lattice
{F}m € Vz(B), and the Mukai vector in the Mukai lattice v(F') € M(B) are
described in§ 1 and § 2 of Chapter 1.

2. THE COMPONENT M (F') OF THE VARIETY OF MODULI. This is an ana-
logue of the Jacobian of a curve. The existence problem for M (F') is nontrivial
(see §1 of Chapter 1). "The theory of periods” describes connections between
the Hodge structures of the base B and M (F'). In the compact modular case
(see Definition 1.1.4, 3), the period matrix is replaced by the lattices of tran-
scendental cycles T'(B) and T(M (F)) and the Mukai structure (see Definition
1.2.1, 2). The Mukai correspondence (1.2.28), (1.2.29) gives rise to a homomor-
phism of the Mukai structures (1.2.30). In particular, we have a homomorphism
7 : H*%(B) —— H?*°(M(F)) which assigns to each symplectic structure on
B a symplectic structure on M (F).

In§ 3 of Chapter 1, for a regular surfaces S we give geometric constructions
of a symplectic structure on M (F') based on a symplectic structure on S (The-
orem 1.3.1), and a Poisson structure on M (F') based on a Poisson structure on
S (Theorem 1.3.1%). We also construct the local invariant of the sheaf F' on S
(Definition 1.3.1), which has no analogue for curves.

3. MODULAR OPERATIONS. These are analogues of tensoring by an in-
vertible sheaf and passing to the conjugate. In the curve case they establish
isomorphisms between all the components of the Picard scheme. In the case of
a regular surface the set of those operations is much richer, and we devote all
of Chapter 2 to their description.

In§ 1 of that chapter we describe special sheaves on S with moduli varieties
isomorphic to symmetric powers of .S and relative Picard schemes of linear sys-
tems of curves on S. In § 2 we define and investigate the universal extension
operation. With the aid of this operation we construct an infinite series of
varieties of moduli of bundles on S, which are birationally equivalent to sym-
metric powers of S if p(S) > 2 (Theorem 2.2.2 and (2.2.25)). In particular, we
obtain an infinite series of varieties of moduli of bundles birationally equivalent
to S itself (see the remark after (2.2.25)). In§ 3 of Chapter 2 we investigate the
universal division operation.

In Chapter 3 we discuss the principal difference between classification the-
ories of vector bundles on surfaces with symplectic and Poisson structures.

NOTATIONAL CONVENTIONS. In our terminology:
Schemes are algebraic schemes over algebraically closed field & (k = C
for clarity). Varieties are reduced and irreducible schemes. Points are closed
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points. Bundles are locally free sheaves. The symbol Kg denotes both the
canonical class of divisors (in the additive notation) and the corresponding
invertible sheaf (in the multiplicative notation).

B is the base variety in the general case, S in the surface case, and C in
the curve case.

(E| denotes the functor Extg,  (E,*) ;

|E) denotes the functor Ext%B (x,E) , {E| F) denotes Extle (E,F) .

The diagrams

(0.2) {E|F)y >y {FE'|F)
(0.2) (E|F) =z {E|F")

denote, respectively, the ”solid” homomorphisms

Exty, (E,F) — Ext, (E',F)
Ext{, (E,F) —» Ext}, (E,F')

induced by a ”broken” homomorphisms E’ - » Fand F s F'.
1.2.3 ‘
The symbols 129 and > mean "equals by virtue of formula

(1.2.3)” and ”by virtue of the Serre duality”.

I am very grateful to all participants of the seminar ”Vector bundles on
surfaces” at Moscow State University, and especially to A. N. Rudakov, who
conducted the seminar, A. I. Bondal, and A. L. Gorodentsev, for stimulating
discussions of all of the constructs of this paper.




CHAPTER 1
Symplectic structure

8§ 1 The big lattice and hierarchy of moduli.

Let B be an irreducible, smooth and complete algebraic variety of dimension
b. Our first attempt to describe the topology of the set of coherent sheaves on
B is based on the following definition.

DEFINITION 1.1.1. Two sheaves I} and F5 on B are called close to each
other if there exist irreducible smooth scheme M, a coherent sheaf F on B x M,
flat over M, and points mq, mg € M such that

(1.1.1) Flmixs) = Fi.

The sheaf 7 on B x M is called a flat family with base M.
The chains of close sheaves generate an equivalence relation R. The class
of F in this relation is denoted by {F'}. Since the set of extensions

0 _— F1 _— F —_— F2 —_— 0
can be endowed with the structure of a flat family with base 1<E ’ F >, we have
(1.1.2) {F} ={F @ F:}.

The set F(B) of classes {F} of coherent sheaves on B is a semigroup with
respect to the operation

(1.1.3) {F1}® {F}={F o F},

and F(B) generates a Z-module Kao1g- This definition is justified because, by
virtue of (1.1.2), one can define an epimorphism

(1.1.4) K°B) — K, (B)

alg
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of Z-modules, where K°(B) is the Grothendieck group of B, and the Chern
character gives rise commutative diagram

T

K°(B) —— K.,(B)

| |

r ~

(1.1.5) R(B) A(B)
| [
L R(B) & AY(B)
zﬂzaoR ( 1=0

where R*(B) [A*(B)] is the group of codimension ¢ cycles on B modulo rational
[algebraic] equivalence. On the Z-module Kglg(B) one can define an integral
bilinear form

b

(1.1.6) —x(Fy, Fy) =Y (1) ik {(Fy | Fy).
1=0

The group Pic B acts on K?

0¢(B): if L € Pic B, then

(1.1.7) T,{F})={F®L},

and, since ( Fy | F») = {F} ® L | F, ® L), the operator T}, preserves the bilinear
form —yx(1.1.6). Furthermore the operators (Id — 77,) are nilpotent:

(1.1.8) Id-T)N =0

(see [9], 8.7).
Since for a smooth B the Grothendieck group KY(B) is generated by bun-
dles, one can define the "star” operator on KJ),(B): if E is a bundle, then

(1.1.9) {E}" ={E7},

where E* = Hom(FE, Op).
A subtler equivalence between sheaves is given by the following
DEFINITION 1.1.2. Two sheaves F; and F; on B are called modularly close
if there exist an irreducible smooth scheme M, a flat family of sheaves F on
B x M, and two points my,ms € M such that (1.1.1) holds, and for both points
my and my the Kodaira—Spencer homomorphism

(1.1.10) TM,, —~ YF,|F)

is a monomorphism.
The chains of modularly close sheaves generate an equivalence relation R,,.
The R,,-equivalence class of F' will be denoted by {F},,.
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It is easy to see that

n' R R R sReF ™ ReF,
Therefore the set F,,,(B) of the R,,-equivalence classes of sheaves on B is a
semigroup with respect to the operation of direct sum, and F,,(B) generates a
Z-module Vz(B), related to KJ),(B) via the epimorphism

(1.1.11) Vz(B) —"» K9,

(B).

This epimorphism induces a form —y (1.1.6) on Vz(B), which is denoted by
the old symbol.
DEFINITION 1.1.3. The Z-module Vz(B) with the integral bilinear form
—x (1.1.6) will be called the big lattice of the variety B.
The group Pic B acts on the big lattice Vz(B) by —x-isometries (1.1.7).
According to their variational properties, the sheaves on a complete smooth
variety B form a complicated hierarchy, from which we select only three levels.
DEFINITION 1.1.4.

1) A sheaf F on B is called simple if
XF|F)=C.

2) F is called modular if there exist a smooth scheme M, a point m € M,
and a flat family F on B x M such that

a)
(1.1.12) F = Flaxm:

b) the Kodaira— Spencer homomorphism
(1.1.13) T™M,, —~ Y(F|F)
is an isomorphism.

3) F is called compact modular if there exist a complete smooth variety M,
a point m € M, and a flat family F on B x M such that (1.1.12) holds,
for any points m € M the homomorphism (1.1.13) is an isomorphism,
and for any two points my,mgs € M

(1.1.14) Flxmy # FlBxma-

For simple sheaves one has
THEOREM (ALTMAN AND KLEIMAN [2]). For any simple sheaf F' on a com-
plete smooth B there exists a coarse moduli scheme Spl(Fy) of simple sheaves.
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If [F] € Spl(Fy) is the point corresponding to the sheaf F, then the Zariski
tangent space at this point is of the form

(1.1.15) Ty Spl(Fo) i) = (F | F).

Examples show that the scheme Spl(Fy) need not be separated or reduced.
However if F' is a simple modular sheaf, then for the family from Definition
1.1.4, 2), the classifying morphism

(1.1.16) M —L Spl(F)

identifies an analytic neighborhood of m € M with an analytic neighborhood
of [F] in Spl(F) for each point [F’] of which

(1.1.13) (1.1.15)

T Mip (F'| F") TzSpl(F) ().
Thus if Spl(Fp) contains a point [F] corresponding to a simple modular sheaf,
then Spl(Fp) is reduced.

DEFINITION 1.1.5. If the scheme Spl(Fp) is of dimension s and reduced,

we set
Sing Spl(Fy) = {[F] € Spl(Fy)[rk (F | F)) > s},

1.1.17
(LL17) Sply(Fo) = Spl(Fy) — Sing Spl(Fy).

Thus, for every simple modular sheaf F' on B, [F] € Spl,(F).

At present we have only one criterion of modularity in terms of the coho-
mology of the sheaf itself.

THE MUKAI-ARTAMKIN CRITERION. If F' is a simple sheaf on a complete
smooth B and the natural homomorphism

(1.1.18) jr: HY(Kp) — AF|F® Kg)

18 an epimorphism, then F is modular.

This criterion was proved by Mukai for surfaces [11], and by Artamkin for
an arbitrary smooth base [3].

Serre duality along with this criterion shows that on abelian, Del Pezzo,
and K3 surfaces any simple sheaf is modular.

Proposition 1.1.1. If the scheme Spl(Fy) is reduced, then the sheaf F
corresponding to the point [F] € Sply(Fyp), is modular.

ProOF. For any smooth point [F] € Spl,(Fp)the Kodaira—Spencer map
(1.1.13) is an embedding and, therefore, an isomorphism. This means that for
any vector e € }(F'| F) the first obstruction e o e € X F | F'), where

(1.1.19) NF|F)o(F|F)y — XF|F)

is the Yoneda pairing, and all other obstruction vanish (see [1],§ 1). Similarly
o [11], § 1, or [3], this implies the existence of a formal germ of the scheme M
at the point m and a modular family F. This germ algebraises and coincides
with a neighborhood of [F] in Sply(Fp). O
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DEFINITION 1.1.6. Suppose that a flat morphism f : X —— M makes a
scheme X into an M-scheme. An Oy;-flat sheaf F is called M -simple if the
natural homomorphism

(1.1.20) On — Eaty, (F.F)

is a isomorphism.
It was proved in [2] that for any scheme Spl,(Fp) there exist a family of
schemes {U, } and sheaves F, on B x U, such that

1) F, is universal and U, is a simple sheaf on B x U,, and

2) the family of classifying morphisms
(1.1.21) {Ua e, SplO(FO)}
is an etale covering of the scheme Sply(Fp):

(1.1.22) 117 : T[] Ua — Splo(F0).

In general the sheaves F,, cannot be glued into a sheaf on Sply(Fp) (see, for
example, [10]). However, we have the following
Proposition 1.1.2.

1) For any simple bundle E on B the sheaves Extyy (Fo,Fa @ TE) glue
into a coherent Ogp) (r,)-sheaf, which we denote by

gmtlSplo(Fo)(:F7f® TEE)
2) In particular, we have the isomorphisms

OSPIO(FO) — gwtgplD(Fo)(}—a f)
(1.1.23) TSply(Fy) — 5377%1010(1%)(7:7 F)

T*Sply(Fo) — Eatlyy ) (F, F @ npKp)

and the stalkwise duality between these sheaves is given by the relative
Serre duality.

3) The sheaves (1.1.23) are universal in the natural sense.

PrOOF. The right-hand sides of (1.1.23) coincide with the sheaves Wr »
from [11], §2, Definition 2.1. Therefore the desired results follow from Propo-
sitions 2.2, 2.5, 2.6, and Corollary 2.7 of the same paper. O

Thus, for any simple modular sheaf F on B the moduli scheme Sply(F) > [F]
is reduced and smooth, but possibly nonseparated. This does not stop us from
correctly defining
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1) tensor structures on moduli (for example, an algebraic symplectic struc-
ture, which is of interest to us), and

2) the birational type of the moduli variety

(1.1.24) M(F) % Sply(F).

More precisely, by M(F') we will understand any Zariski-dense subvariety of
Sply(F') containing [F].

It is easy to see that, for a compact modular sheaf (see Definition 1.1.4, 3)),
M is a fine moduli variety and F is a universal family. In this case M has all
the properties of the base B, F can be viewed as a family of sheaves on M,
and B is often the variety of moduli of sheaves on M.

Since compact modular sheaves are simpler to work with, we will use them
to illustrate basic principles.

The most important class of sheaves is given by the following

DEFINITION 1.1.7. A simple sheaf F' on B is called exceptional if

(1.1.25) KF|F)=o.
By Definition 1.1.2, an exceptional sheaf F' is unique in its class
{F}m € Fin(B) C Vz(B)

(but not in the class {F'} € F(B) C Kglg(B)).

We denote the set of exceptional sheaves by

(1.1.26) R(B) C F,,(B) C Vz(B).
Clearly
(1.1.27) h'*(B) # 0= R(B) = @, h"°(B) = 0 = Pic B C R(B).

In Mukai’s interpretation, the big lattice (Vz(B), —x) is an analogue of the
Picard lattice, F),(B) is an analogue of the semicone of effective divisors and
R(B) is an analogue of the set of exceptional divisors. We shall clarify this
analogy in the next section when we investigate the integral bilinear form —y.
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8§ 2 The Mukai lattice and structure.

Associated with a complete smooth algebraic variety B of dimension b there
are two graded rings

H%(B,Z), A(B)= éo Ai(B)

(1.2.1) H(B,Z)=

(3

Lo~

of even-dimensional cohomology and cycles modulo algebraic equivalence, which
are connected via a standard homomorphism h : A(B) — H(B,Z). Let

(1.2.2) H,(B) = h(A(B)) c H(B,7)

be its image.
The involution * acts componentwise:

*|H4i(B,Z) = :[d7 >(<|H47‘,+2(B,Z) = —Id,
(1.2.3)

*‘A21‘,(B) = Id, *|A21+1(B) = —Id

The components H°(B,Z) = A°(B) and H?*(B,Z) = A*(B) can be naturally
identified with Z.

For any u € H (B,Z) we denote the ith component of this element by [u];.
Let K, denote the canonical class of B. On the Z-module H(B,Z) one can
define two bilinear forms

. (1,0) = ~[u" vl = (~1)°[0" -
h (,0)) = 5 Kplu” o]z

The former is symmetric if b = 0 (mod 2) and skew-symmetric otherwise. The
latter has inverse symmetry.

The Chern character composes the epimorphisms r,, (1.1.11) and h ® Q
into the chain

(1.2.5) Vz(B) 7 KO (B) -+ A(B)®Q "~ H(B,Q).

alg

By Riemann-Roch (see, for example, [5]), the bilinear form (1.1.6) is defined
by

(126) X(Fl,FQ) = [ChF2 . ChFl* . tdB]b,

where tdp € A(B) ® Q is the Todd class. This form decomposes into the sum
of the symmetric and skew-symmetric parts:

(1.2.7)  x(F1, Fo) = x4 (F1, F2) + x— (F1, Fp),  x=(Fa, F1) = £x(F, F).
A direct calculation shows that

(1.2.8) tdly, = tdp - ch Kp = tdp - ™5,
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1.2.8
Set 2td7 = tdp £ tdj 229 14y, (1+€e%5). Then
X+ (F1, Fy) = [ch Fy - ch Fy - td), b =0 (mod 2)
X+ (F1, Fy) = [ch F} - ch Fy - td3), b=1 (mod 2).
The conditions
2 + 2 efr —
(1.2.9) op =tdg, [olo=1, &3 =tdp o €Blo=1

uniquely determine two elements op, (g € A(B) ® Q. Both elements are
* -symmetric: o =op, &5 =¢&p and for B = B; X By

(1'2'10) OB1xBy = ﬂ.TO’Bl ’ W;UBQ’ 531 xBs = 7r>1k£Bl . 77;632'

These elements define two lattice homomorphisms

Vi (B) = K, (B) —% A(B) ® Q —» algf(B,Q)

a.

(1.2.11) v(F)=chF-op

w(F)=chF-¢{p

and the +-components (1.2.7) of the bilinear form (1.1.6) are as follows:

X+ (F1, F2) = (v(F1),v(Fy)) o

Y_(F1, F) = (w(F)),w(F))) when b = 0 (mod 2)
(1.2.12)

X+ (Fi 1) = ((w(Fr), w(F))) _

X—(F1, F2) = (v(F1), v(Fy)) when b =1 (mod 2)

where (*, %) and ((*, %)) are the forms (1.2.4).
The Hodge decomposition

H*(B,C)= @ H?"YB,C)
PHq=2i

gives rise to a mixed Hodge structure on

(1.2.13) H(B,C)=HB,Z)®C= @ H"Y(B).
p+¢=0 (mod 2)

DEFINITION 1.2.1. Let b =0 (mod 2).

1) The Mukai lattice (M (B), (*, *)ar) is the minimal sublattice of H(B,Q)
containing H(B,Z) and v(Vz(B)) with integral inner product (*, %),
induced by (%, *).
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2) The orthogonal complement of v(Vz(B)) with respect to (*, *)s:
(1.2.14) T(B) = v(Vz(B))* ¢ M(B),
is called the lattice of transcendental cycles.

3) The Hodge decomposition (1.2.13) induces a mixed Hodge structure on
T(B) ® C, which we will call the Mukai structure.

It is easy to see that, for B = B; ® Bs
M(By ® Bz) = M(B1) ® M(B).

One has similar constructions in the case b =1 (mod 2).
EXAMPLES. In concrete calculations it is convenient to use the standard

polynomials in the Chern classes (¢1,- -« ,¢p) of a sheaf F' on B:
c1(F) 1 0 ... 0
QCQ(F) Cl(F) 1 ... 0
(1.2.15) pi(F) = det . ) .
kep(F) (E—1)Ck—y 0 ... 1
pi(F)

Then ch (F) =5 . In particular,

k!
(1.2.16) po(F)=1, pi=ci, pa=ci—2c2, p3=c;—3cico+3cz, -

(see, for example, [5], 15.1.2).
1) Let B = S be a smooth algebraic surface (b = 2) with invariants

(1.2.17) Xx=x(0s)=ps—q+1, e=es=x(S2Z2)
where e is the Euler—Poincaré characteristic. Then

H(S,7) =7® H*(S,7) & Z

(1) s (10.5)

(1.2.18) v(F) = (rkF,cl(F% %pz(F) + ;rkF-x)

w(F) = (rkF, a(F), 1pg(F) + i rkF - e)

2
X+(F17F2) =

(I‘kFl pQ(FQ) + 201(F1) . Cl(FQ) +I‘kF2 pQ(Fl)) — I‘kFl . I'kFQ X

I'kFl I‘kFQ
Cl(Fl) Cl(Fg) ’

N |

1
X_(Fl,FQ) = —5 KB - det (
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If the intersection form on Pic S is even and x is an even number, then the
Mukai lattice M (S) coincides with H (S, Z) endowed with inner product (*, *)
from (1.2.4). In particular, if S is a K3 surface, then
(1.2.19)

X(F1, F2) = x4 (F1, F2)

g5 = gs = (170a 1)

v(F) = (tkF', ¢1(F), g(c1(F)) — 1 — co(F) +1kF) € H(S,Z) = Z*

—x(F1, ) =tk (Fy | Fi) — tk%Fy | Fy) — 1k Fy | F).

In the general case,
1
(1.2.20) M(S)CcZo H*(S,Z) @ 32

with form 2 (%, %) (1.2.4), and for a pair of sheaves F; and F; on S

—X(F1, F2) = (0(F1), v(F2)) + ((v(F1), v(F2))),

(1.2.21) ) . . ,
v (F) :I‘k <F2,F1> —I‘k <F2,F1> —I‘k <F2,F1>.

For any sheaf with Mukai vector v(F) = (r,¢1, 8)
1
(1.2.22) X(F)=h°(F) - h'(F) + h*(F) = 5 — §cl(F)KB +7x/2.
2) Let B be a solid (b = 3). Set

(1.2.23) K =—-c(B), k=co(B).

Then _
H(B,7) = Z&H*(B,Z)® H*(B,7) &7,

I
H?*(B,7)*

K> +k k
_— = 1 —_
2 70 ) EB 707 2450> )
1 K?+k a1(K?+k) 1
o) = (ekFer (P, goa(r) 4 B8 AR L),
1 k Clk‘ 1
“po(F) +r—, 22 4 S pa(F
2p2( )+T247 24 +6p3( ))7
K 1
(B F2) = . |a(Fea(F) - 5rk(R) (i)~

oB = 1a0a

w(F) = <rkF, e (F),
(1.2.24)

12]°

1 I‘kFl I‘kFQ
—v_(Fy, Fy) = = det .
X-(F1, Fp) = G de (ps(F1) pg(@))

—%rk(ﬂ) “p2(F2) — tk(FY) - tk(F2) - k]
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REMARK. If B is a Fano variety and S € | — K| is a smooth K3 surface,
then k|s = es = K% +eg. Therefore, for bundles F; and F» on B, (1.2.18) and
(1.2.24) give rise to the convenient equality

1
(1.2.25) X+(F1, Fo) = Sx(Fils, Fols)-

Now let us come back to the general even-dimensional case. Let B =
B; X By, dim B; = b; = 0 (mod 2), and let m; and 72 be the projections onto
the direct summands:

(1.2.26) By ~~— B =B x By —2» Bs.
Any vector bundle F on By x Bs gives rise to the Mukai vector

(1227) U(E*) S M(Bl X BQ) = M(Bl) ® M(BQ)

and the homomorphism

fe~: M(B1) M(B)
(1.2.28) U U
m () (0 (E™)ma)
Similarly, the Mukai vector v(F) gives rise to the homomorphism
fE : M(By) M(By)
(1.2.29) U U

my —— (m1)«(v(E")ma)
Proposition 1.2.1. (my, fg(m2))ar = (f-(m1), m2) -

PrROOF. Repetitively applying the projection formula, we have

(m1, f(ms)) =l [} (m1)a (v(E) - 75 (ma))],, =

= [(m)«(m1(mq) - m2(m2) (v(E))],, = [m1(m7) - w5 (ma2) (v(E)]y, 14, -

Similarly,

(1.2.4)

(ma, fe-(m1)) [m3 (m2)« (V(E™) - 71 (ma))],, =

= [m3(m3) - mi (ma) - v(E")]y, 1, -

But on the even-dimensional variety B; x Bs the component [ . ]bl b is

s-invariant (see (1.2.3)). This implies the desired equality.
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Clearly, for any point b € By the Mukai vector of the bundle E|p, x» = E1
does not depend on b € Bs.
Proposition 1.2.2. For any m € M(By)

[fe-(m)]§ = (m, v(E])) -
PROOF. By the definition of fg~ and (1.2.10),

fe=(m) = (m2).(mi(m) - Mo, -ch E” - m308,).
~———

i (m-oB,)
By the projection formula,
[fE* (m)]o = [m : ChET : 0—31]()1 = (mvv(Eik))

O

Since v(E*) € H,(B;y X By) (see (1.2.2)), the homomorphism fg- induces
a homomorphism of the lattices of transcendental cycles (1.2.14):

(1.2.30) fh. i T(By) — T(Bo)

as well as the homomorphism f7. ® C of the Hodge structures. In particular,
the (2, 0)-component

(1.2.31) (fF- ®C)*0 . H*O(By) — H*"(By)

of this homomorphism relates the symplectic structures on B; and Bs. This
will be the main construction in the next chapter for the technically simplest
case, when B; = S is a smooth regular surface with p, > 0, By = M is a
component of the moduli variety, and E is a universal family.

§ 3 Symplectic structure and the local invariant.

Henceforth the base B = S will be a smooth regular surface.
For any modular sheaf F' on S we want to find an extension of the homo-
morphism

s

induced by homomorphism Id®s, where s € H°(K,), to an algebraic symplectic
structure

TSPIO(F) . T*SPIO(F) )

*

(1.3.1) .
s — ~Ws, wS|[F]:f57

w
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and investigate the corresponding map
(1.3.2) HO(A’T*S) — HO°(A*T*Sply(F)) .

To simplify the notation we set Sply(F) = M, and denote the system of locally
universal sheaves {F, } in (1.1.21) and (1.1.22) by F, keeping in mind that this
symbol should only appear in the expressions of type (1.1.23) of Proposition
1.1.2. In particular,

(1.3.3)  TM = Eaty, (F,F), QM =T*M = Exty, (F,F @15Ks),

where Kg is the canonical class of the surfaces S and g is the projection onto
the direct summand.

Consider the Ops-sheaf 59525%9]% (F,F @ mtK,). The contraction map (i.e.,
the Yoneda pairing) gives rise to a homomorphism of Oj;-sheaves

Eaty, (F, F)@Eatd (F,F @ 5Ks) > Eath, (F,F @ 15Ks)

(1.3.3) (1.3.3)

TM M

Since the Op-sheaf Ext}gM (F,F)=TM is locally free, the homomorphism @
can be interpreted as a homomorphism

¢ty (F,F@rsKs) — Hom(TM,T*M) = QM®?
of Ops-sheaves, which induces a homomorphism of sections
(1.3.4) @'t HO (M, Eat)y,, (F,F @ msKs)) — H(QM®?).
On the other hand, the homomorphism
H(Ks) ® Oy % Extd (F,F @ 75Ks)
(1.3.5)

HO(A*T*S)
coincides stalkwise with the homomorphism
(1.3.6) H(Ks) 2 F|E), jr(s)=1d®s,

which is just (1.1.18).
Finally, composing (1.3.5) and (1.3.4), we obtain a homomorphism

(1.3.7) 77 : H°(A*QS) — H°(QM®?) = HY(A*T*M) @ H°(S*T*M).

THEOREM 1.3.1. 7£(H°(A2QS)) C H°(A2QM), i.e. we have a homomor-
phism,
7r : HO(A?QS) — HO(A?QM).
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PROOF. Any section f € HO(Exty  (F,F ® 15Ks)), i.e. homomorphism

F 1 FoniKs,

induces a homomorphism

Exty, (F,F) =% Eaty, (F,F @ mgKs)

Since the stalkwise duality of the bundles 7'M and T™* M is given by the relative
Serre duality, the inclusion f € HY(A2T*M) is equivalent to the following
condition: for any points m € M and vector e € 1(F,,|F,,) the contraction

(1.3.9) eo (flm(e)) € *(Fn|Frm @ Ks)

where F,,, = Flsxm, equals zero. If f = f, € jz(s), where s € °(Og, Kg) (see
(1.3.5)), then the homomorphism

is induced by Id ® s and the element from 2<Fm ‘ F,® K5> in (1.3.9) can be
represented as a composition of contractions

eo flm(e) =eoeo (Id®s).
But eoce € 2<Fm ‘ Fm>, being the obstruction to the modularity of F},, equals
zero (see (1.1.7)), i.e., eo f(e) =0 (1.3.9) and 7(j£(s)) € HO(A2QM). O

Similarly one can define a homomorphism of Poisson structures on S and
M. For any modular sheaf I’ on S, the homomorphism

Id®s’

F)

induced by Id ® s/, where s’ € HY(K?) = H°(ATS), can be extended to the
Poisson structure

(1.3.1") TSply(F) <~ T*Sply(F) : af = —as, asm =1,

Indeed, for a modular family F on S x M the contraction map gives rise to
a homomorphism

Eath, (ForyKy, F)@€atd (F,ForsKs) 2» Eath (FornsKs, ForsKy)

Exty, (F, FRnLKs) Eaty, (F,F)

T M TM
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of Ops-sheaves, which induces a homomorphism
(1.3.4") @0 HO (M, Eatdy, (F,F @ nsKg)) — HY(TM®?).
On the other hand, we have the homomorphism
(1.3.5") HY(K%) @ On Iz, Eaty, (F,F @ m5K3),
which coincides stalkwise with
(1.3.6") HY(Ks) — (FIF @ K3), ji(s)=1d®5.
The composition of (1.3.5”) and (1.3.4’) yields a homomorphism
(1.3.7) 7 HY(A*TS) — HY(TM®?).
THEOREM 1.3.1°. 7-(H°(A?TS)) C H°(A*TM).
The construction of homomorphisms 77 and 7% is a globalisation of the

constructions of the local invariant of a fixed sheaf F' on S: the vector space
homomorphisms

{F|F)®H(Ks) — (F|F)
(1.3.11) T’F T‘L
| |
(F|F) VR |FY @ HO(KS)

can be interpreted as skew-symmetric homomorphisms of sheaves on the pro-
jective spaces |Kg| or | — Kgl:

Tr ® Ojrg| — T ® Ojreg( (1), 7h = —7p(1),

(1.3.12) -
T;‘ ® O\—KSI — Tr® O\—Ks\(1)7 TI/;k = —7'%(1)7
i.e., as hypernets of skew-correlations of the vector space Tp (or T}).

DEFINITION 1.3.1. The class 77 (mod GL)(T%) (or 7 (mod GL)(Tr)) of
hypernets (1.3.12) is called the local invariant of the sheaf F' on S.

Geometric equivalents of the local invariant are sufficiently informative only
if the complete linear series |K| or | — K| is sufficiently ample. The construc-
tive analogy between local invariants of symplectic and Poisson structures is
obvious. However their geometric meanings are different in principle. We will
illustrate this in the case when F' is a simple bundle. Then
(1.3.13)

Tr=H'(adF), Tp=H'(adF® Ks), F® F*=EndF =05 ®adF.
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If C is a curve from the complete linear series |K| or | — K| then we have
exact triples

0—> adF — adF® K, — adFlc ® Oc(Kg) — 0

(1.3.14)
00— adF®Kg — adF — adF|c — 0

and their cohomology sequences
(1.3.15)

Tr(C «
HY(ad Fle ® Oc(Ks)) — Tp 29 75—+ H'(ad Fle ® Oc(Ks)),

HO(ad Flo) — T 29 7 v HY(ad Flo).
F

The lower sequence shows that skew-symmetric form 75 (C) has a kernel if and
only if | no longer simple.

The interpretation of the kernel of the skew-symmetric form 77(C') is more
complicated. First of all, on C' we have the theta-characteristic § = O¢(K¢),
since by the adjunction formula

(1.3.16) we = 0c(2Ks) = 6%

A necessary (and sufficient, if F' satisfies the Mukai-Artamkin criterion) con-
dition for the degeneration of 7#(C) is the vanishing of the analogue of the
O-constant for the bundle ad F|¢ (see [14], (3.2.7)).



CHAPTER 2
Modular operations

81 Special modular families.

The homomorphism 75 is especially simple when S is a K3 surface, i.e.,
when the algebraic symplectic structure on S is everywhere nondegenerate.

THE MUKAI THEOREM [11]. If S is a K3 surface, then for any locally
modular family F on S x M the homomorphism T is an isomorphism and the
algebraic symplectic structure Tp(w) is everywhere nondegenerate.

Any coherent sheaf F' on an arbitrary smooth surface S gives rise to an
exact quadruple
(2.1.1) 0— T(F) - F 2 > Lo O(F) — 0,
where T'(F) is the torsion subsheaf, can is the canonical homomorphism from a
sheaf to its Og-double dual, and C'(F) is a sheaf with zero-dimensional support.

Let us recall the terminology of [13].

DEFINITION 2.1.1. A zero-dimensional subscheme £ C S of length d is
called a thin cycle of degree d.

Any thin cycle £ can be given by its structure Og-sheaf O¢ or by its ideal
sheaf Js C Og, which are related by the standard exact sequence

(2.1.2) 0—> Je —> Og == 0 —+ 0

The variety S(9 of all thin cycles of degree d is called the Douady space. It is
a smooth irreducible variety of dimension 2d. The formula

(2.1.3) §~ Y mipi, suppé = Jpi, Y ni=d,

assigns a cycle to each thin cycle. In the ideal theoretic language this corre-
sponds to assigning to an ideal J C m,, of the local ring O,, an m,,-graded
ideal. This correspondence gives rise to a birational morphism

(2.1.4) S @)

141
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where S(@ is the dth symmetric power of S, which is biregular outside Sing (%),
Therefore the morphism (2.1.4) resolves the singularities of S(¥) and establishes
a birational isomorphism

(2.1.5) SONLIC
Lemma 2.1.1. If F is a rank 1 torsion-free sheaf, then
1) F is simple,

2) the components of the vector v(F) = (1, D, s) (1.2.18) are related by the
formula

1 X
2.1. —ZD?-2=¢
(2.1.6) 5= 3 >

where x is defined by (1.2.17) and d is a positive integer, and
3) F is compact modular and Sply(F) = 5@,
PROOF. Since T(F') = 0, the quadruple (2.1.1) becomes a triple

C

0 s F 2 P O(F) — 0

(2.1.7) I I I
0 — Je(D) — Og(D) — O —— 0.
Since F** is reflexive and, therefore, locally free (dim S = 2), F** = Og(D),
1
D = ¢ (F) € Pic S. Hence v(F) = (1,D7§D2 + x/2 — d), where d = deg¢,

and and assertion 2) follows .
The cohomology sequence of the lower triple of (2.1.7) yields an isomorphism

(2.1.8) H?*(J¢(D)) = H*(Os(D)).
The simplicity of J¢(D) is equivalent to that of J¢, but

SD 2

U Je | Je) < AU | Os)
= Hz(Jg ® Kg)*

(Os]Je @ Ks)" =
(2.1.8)

SD

H*(Ks)* == H°(0s) = C,

and assertion 1) is proved.
The modularity of J¢(D) is also equivalent to that of J¢. To check the latter
we use the Mukai-Artamkin criterion:
SD *
(e | Je ® Ks) € (Je | Ks) == X0s | Je)" =
2.1.8
= H(Jy) 222
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Therefore, the homomorphism jj, (1.1.18) is an isomorphism. The modular
family F on S x S is part of the canonical triple

F
—_—~
(2.1.9) 0— Jz®7m505(D) — 750s(D) — Oz @ mg(D) — 0,
where Z € S x S@ is the universal Douady subscheme
(2.1.10) Z-(Sx¢&=¢.

Assertion 3) follows. O
REMARK. For the Oy, g -sheaf F in (2.1.9) we have

(2.1.11) Z = co(F),

where ¢, is the second Chern class.
Lemma 2.1.2. For the modular family Jz = F (2.1.9)

1) the homomorphism (1.3.7) (resp., (1.3.77))
75, + HO(A*T*S) — HO(A2T*S5@)
18 an isomorphism, and

2) each nonzero algebraic symplectic structure on S(d) (resp., Poisson struc-
ture) is nondegenerate.

PRrROOF. For the family (2.1.9) we have
gmt%(d) (Jz,Jz ® Wng) C 5$t%(d)(JZ,7rZ~KS) =

- (‘:It%(d)(JZ,OSXS«(d)) ® HO(KS) - HO(KS) ® Og(d) .

For any thin cycle & € S@1 of degree of d — 1 one can define a regular
embedding

(2.1.12) i:S — S Ty =g ®
It is easy to see that for any w € HO(A2T*S)
(2.1.13) i* (17, (W) = w.

Indeed, Jz|sxi(s) = Ja, where A is the diagonal in Sx.S, and TS:é’xtle (Ja, JA).
The homomorphism

(2.1.14) o : TS —> T*S =TS ® Kg

is given by the multiplication by a section s € H%(Kg). From this we get
the assertion for symplectic structures. The argument for Poisson structures is
similar. O
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If £ =5 pi, i # pj, is a cycle without multiple points, then identifying
the tangent spaces we have

789 =7, = & T8, -
¢ =Ti = 8 TSy,

hypernet of correlations of the local invariant (1.3.12) is the direct sum of
hypernets of the form

u®Sp, *
TSP ® O\Ks\ —5 T Spi ®O|Ks\(1)a

where u is a nondegenerate skew-symmetric isomorphism and S, € H(O| (1)),
(Sp.)o = |Ks — p;|. Thus the local invariant 7, is the set of d hyperplanes
UI|Ks — p;i| in |Kg|. The cycle & can be recovered from this set.

Let |D| be a complete linear series on S such that

(2.1.15) |Dlp = {C € |D||C reduced and irreducible}

is nonempty. For any curve C € |D|y one can define a generalised Picard
variety

(2.1.16) Pic 4 C = {rank 1 torsionfree O¢-sheaves of degree d}.

When the curve C varies in |C|y the generalized Picard varieties sweep a variety

(2.1.17) Picq|Dlo= [J PicqC
C€|D|o

(see [2]). One can canonically make it into bundle
(2.1.18) Picq|Dlo —~ [D|o

with fiber (2.1.16).
Lemma 2.1.3. If C is a curve from |D|o and the rank 1 torsion free O¢-
sheaf Oc (&) of degree d is viewed as an Og-sheaf then

1) Oc(§) is simple,

2) the components of the vector v(Oc(§)) = (0, D, s) are related by the for-
mula

(2.1.19) s—%DQZd

where d is an integer, and

3) Oc(&) is modular if h*(Og(D)) = 0 and Sply(Oc(€)) D Picq|Dlo as a
Zariski dense subset.
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PROOF. Assume for simplicity that C' is smooth. Then O¢(§) is invertible
as an Oc-sheaf, and XOc(€) | Oc(€)) = Exte, (Oc(€),0c(§)) = C, ie., the
Og-sheaf O¢ (&) is simple. Moreover, X Oc(£) | Oc(§) ® Ks) = H(Oc(Ks)).
The exact triple

0— Os(KS —D) — Kg —— OC(KS) — 0
yields
(2.1.20) 0 — H°(Os(Ks — D)) — H°(Ks) — H°(Oc(Ks)) —
— HY(Os(Ks — D)) == H'(0s(D))" .

Hence O¢(€) viewed as an Og-sheaf satisfies the Mukai-Artamkin criterion if
and only if h'(Og(D)) = 0. Furthermore, we have the exact triple

0 — H'(Oc) — Tou) — H'(Oc(D)) — 0

TPic ng T‘D|c

(2.1.21)

whence assertion 3). Assertion 2) can be checked directly: d = deg¢. O
Lemma 2.1.4. Let p,(S) >0, Ks #0, C € |D|y and

1) dim[D| =2,  2) h'(Os(D)) = h2(Os(D)) =0 .

Then for the family Sply(Oc(§)) (see Lemma 2.1.3) each symplectic structure
from 7(H°(A%2T*S)) is degenerate and the local invariant of Oc(€) depends
only on curve C € |D|.

PROOF. For any s € H°(Kg) the homomorphism 7(s)|o ) can be ex-
tended to a homomorphism

0

|

HY(O¢) — Toeue) — H°(Oc(D))

o ol

(21.22) 0 — H'(Oc(Ks)) — Tp ey — H*(Oc(Ks + D)) —= 0

0

SD SD

H°(Oc(D))* H'(Oc)*

|

0
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of exact triples. Under conditions 1) and 2), Kg - D > 0, and the vertical
homomorphism on the left-hand side has a kernel. The local invariant is given
by a hypernet of contraction homomorphisms

(2.1.23) H°(Ks) ® H(Oc(D)) -2+ HO(K()

modulo GL(H®(O¢(D))) x GL(H®(K¢)) and does not depend on the sheaf
Oc(§) € Pic 4C. O

COROLLARY. If C is a smooth rigid curve, i.e. H*(Oc(C)) =0, then any
invertible sheaf Oc(€) is compact modular:

SplO(Oc(f)) = Pic dC,

and the homomorphism T (2.1.7) for this the family vanishes.

Thus the symplectic structures induced on the components of the variety
of moduli of sheaves exhaust all the possibilities of Definition 0.1.

In our examples the sheaves J¢(D) were torsion-free but not locally free,
and the sheaves O¢(€) were of cohomological dimension 1. We will see in
this chapter that modular operations make them into bundles and preserve all
modular properties and local invariants.

§ 2 The universal extension operation.

Operations on bundles preserving properties of their moduli can be found
in one form or another in almost all papers on bundles. They have natural
descriptions in the derived category of sheaves (A. Gorodentsev [7]), in the
category of quadratic algebras (A. Bondal), in the category of representations
of quivers (A. Bondal), etc. In this respect one can recall the concluding remark
from [1] about ”the unexplained manifestation of the mysterious unity of all
phenomena”. However we will not need this generality. We will only split the
Mukai "reflection” operation (see [12] (2.22) and (2.24)) into the operations of
universal extension and universal division, and also define a composite variant
of these operations.

REMARK. The composite division operation was cleverly used by Mestrano
(see [10]) to disprove the existence of the fine varieties of moduli. Because of
this we call it the Mestrano operation (see the next section).

Definition 2.2.1.

1) If E is a sheaf on S, then
(2.2.1) F' =E® Kg

is called the derived sheaf of E.
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2) A pair of sheaves F| and F; is called a regular pair if
(2.2.2) NF | F) =Y F|F)=0
3) A regular pair of sheaves is called independent if
(B[ o) = (B | Fy).
For a pair of sheaves E and F', the extensions of the form
(2.2.3) 00— NE'|F)®E — eg(F) — F —— 0
are given by the vectors of the space

P |NE |F)) e B =B |F) o (F| E) = End (E' | F)
so||
(2.2.4) YE'|F)",
i.e., by the endomorphisms of the space 1<E’ | F>

Applying the functor (E’| to the exact triple (2.2.3), we obtain the long
exact sequence

(22.5) NE'|FYe Y E'|E) — YE'|ep(F)) — Y{E'|F) ——

— (B | F)oXE' | E) — XE' |ex(F)) — XE'| F)

SD

tr*

YE|E)" «+——C,

where 0<E | E> — s C is the trace homomorphism. It is not difficult to see
that the cocycle corresponding to the extensions (2.2.3) is proportional to the
endomorphism

(2.2.6) B | F) 2 YE'| F) @ tr*(1).

Definition 2.2.3. The sheaf eg(F') in (2.2.3), given by the cocycle § (2.2.6)
which is an isomorphism, is called the universal extension of the sheaf F' by the
sheaf E.

Clearly the Og-sheaf e (F) does not depend on the choice of an automor-
phism of 1<E' | F>

Let E be an exceptional sheaf (see Definition 1.1.7) and

(2.2.7) R(S) C Fin(S) C Vz(95)

the set of exceptional sheaves in the big lattice (1.1.26).
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Lemma 2.2.1. If £ € R(S), then
YE |eg(F)) =0,

2.2.8
( ) 2<E,|€E(F)>:2<E/|F>

PrOOF. By 1<E ’ E> = 1<E’ ‘ E> the first term in (2.2.5) vanishes, and
by 0<E | E > = C the coboundary homomorphism ¢ is an isomorphism. O

Lemma 2.2.2. If E € R(S) and (E|F) = 0, then there is an ezact
sequence

(22.9) 00— AF'|E)@E'|F) — Yep(F) |ep(F)) — XF | F).

PrOOF. The equality O<E | F> = 0 means that each endomorphism of ¢ g (F')
preserves the exact triple (2.2.3). Hence

0 () |B) @ E|F)

New(F)|ep(F)) — AF|F)

SD

2<E/|€E(F)>* (2.1.8) ,

(B|F) —2—r|B)

COROLLARY. If E € R(S), F is simple and
(2.2.10) XE|F)=%F|E)=0,

then eg(F') is simple.
Lemma 2.2.3. If equalities (2.2.10) hold and *(E|eg(F) = 0, i.e., (E,eg(F))
is a regular pair (see (2.2.2)), then there is a canonical isomorphism

(2.2.11) Yep(F)|ep(F)) = {F|F)
Il Il
T: p(F) Tr

and the local invariants (1.3.12) of F' and eg(F) coincide.
PROOF. Applying (F| to the triple (2.2.3), we have
0 — X&'|F) @ AE|E) — AE|ep(F)) — AE[F)

I
C

Therefore (E | F) = 0 implies

(2.2.12) XE|ep(F)) =YFE'|F).
Applying |eg(F)) to (2.2.3) we have
End'(E' | F)
(2.212)

UNep(F)|er(F)) — XE'|F) @ XE|ep(F)) — YE|ep(F)) —
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—— Yep(F)|ep(F)) — YE'|F)'@YE|ep(F))

and hence an exact triple
(22.13) 0 — adNE'|F) — YF|ep(F)) — Yep(F)|ep(F)) — 0.
On the other hand, applying (F| to (2.2.3), we have

End"(E' | F)

sp||(2.2.12)

0 —= XF[F) — XE'|F) @ XF | E) — F|ep(F)) —

— XF|F) = XE'|F) «XF|E)

e | Fy

and hence an exact triple

(22.13) 0 — ad E'|F) — YF|ep(F)) — YF|F) — 0.
The monomorphisms of (2.2.13) and (2.2.13’) coincide, and, therefore, their
terms on the right coincide too. This yields (2.2.11). Shifting these construc-

tions by Kg we prove the equality of the local invariants.
THEOREM 2.2.1. Let E € R(S) be an exceptional bundle and F a simple

modular sheaf. If
(2.2.14) XE|F)y=%F|E)=%E"|Fy=0, YE|eg(F))=0,
then
1) eg(F) is a simple modular sheaf,
2) Sply(F') is birationally isomorphic to Sply(eg(F')), and
3) in KQ,(S) (see (1.1.3))
(2:2.15) {en(F)} = {F} — \(F. ) -{E},

where —yx s the form ( 1.1.6).
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PRrROOF. By (2.2.14)
(2.2.16) rk (E'| F) = —x(E', F) 2% —\(F, E),

and we obtain (2.2.15).

Let {U,} be an etale covering of Sply(F) (1.1.22) and {F,} a family of
universal sheaves on {S x U,}. For any [F] € U, consider the Oy, -sheaf
Sxt%]a (riE', Fo) and the extension

(22.17) 0 — 7y Eatyy (5B Fo) @ TEE — ep(Fa) —> Fo —= 0
of sheaves on S x U, given by the identity isomorphism
1d : gl’tba (Fa,msE) — Emtllja (Fa,mSE)

(in the stalkwise sense (2.2.4)). By Lemma 2.2.2 and its corollary, eg(Fy) is
Oy, -simple in a Zariski neighborhood U/, of the sheaf [eg(F,)]. By (2.2.11),
we only have to check that in some Zariski neighborhood U, (;/ any sheaf F can
be recovered from ez (F}). To this end define U, C U/, by

U, ={[F] € U,|XE| Fy) = 0}.

Then for the canonical homomorphism

(2.2.18) UE|ep(F1)) ® E —> ep(Fy)

we have

(2.2.19) F = coker can

Thus {U,,} is an etale covering of Sply(eg(F)) 3 eg(F) and {eg(F,)} is the

family of universal sheaves (1.1.22). O
EXAMPLE. Let S be a K3 surface. Then E' = E, (FE | F) — KF ‘ E>*,

the form —x(Fi, F2) (1.1.6) is symmetric, and
(2.2.20) R(S)={F|AF|F)=C, —x(F,F)=-2}

(see, for example, [12],§ 3).
Conditions (2.2.14) of Theorem 2.2.1 have the form

(2.2.14) NE|F)=%E|F)=0,

and the equality 1<E ‘ € E(F)> = 0 is automatically satisfied. Therefore, trans-
formation (2.2.15) is the involution of the lattice with respect to a root vector.
Furthermore for the sheaves E = Og(C) € R(S) and F = Je, ¢ € 5@ (see
(2.1.4) and (2.1.5)) conditions (2.2.14") of Theorem 2.2.1 have the form

(2.1.8) SD

h(Je(=C)) = h?(Je(=C)) h*(0s(=C)) h*(0s(C)) = 0.
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Therefore, if h%(Og(C)) = 0, then for a general £ € S(9) with d > h%(Og(—C))+
1 we have )

Sply(z0s(c) (Je)) =
It is proved in [13] that for a general £ the sheaf ep(¢)(Je) is simple and locally
free, i.e., o4 (c)(Je) is a bundle.

It is not easy to check conditions (2.2.14) of Theorem 2.2.1 for an arbitrary
regular surface S. Any reflexive sheaf on the surface is locally free. Thus to save
space we will express the local freeness of a sheaf F' by the equality F** = F .

Lemma 2.2.4. If E € R(S), E** = E, eg(F)*™* = eg(F), and for of a
curve C € |Kg]|

S,

(2.2.21) NE'| ¢, Fle) =0,

then \E | ep(F)) =0.
PROOF. Restricting the triple (2.2.3) to C' € |Kg|, we have

0 — XE'|F)®E|c — ep(F)lc —> Flc — 0.
By (2.2.11),
(2.2.22) NE' | clep(F)lc) = %E'|c|{E'| F) ® E|c).
The cohomology sequence of the exact triple

0—>E'QE —>E*QFE = (E*®E)|lc — 0

shows, that (E' | E) LA %E'| ¢|E|c) is an epimorphism ({F | E) = 0) and,
therefore, the restriction homomorphism

res

NE"|ep(F)) — XE'| c,en(F)lc)
(2.2.23) [[(2.2.22)
(E'| F) @ XE'|c|Ele).
is also an epimorphism. But the cohomology sequence of the triple
0— E'®cp(F) — E*@ep(F) — (E* @eg(F))|c — 0
is of the form

0 — AE|ep(F)) — AE"|ep(F)) — XE' | cles(F)|lc) —

— YB|ep(F)) — {E|ep(F)) 2

Now the surjectivity of (2.2.23) implies }(E | ep(F)) =0. O
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We can now apply the construction from [13],§4, to a surface S of general

type.
THEOREM 2.2.2. Suppose that |Kg| contains an irreducible curve C. Then

for any divisor class C' € Pic S with
(2.2.24) R’ (0s(C)) =0, C-Kg> K%,
and any integer d > h°(Og(Kg — C))
1) the sheaf cogcy(Je) is locally free and simple for a general £ € S@ and

2) Sply(co0s(0)(Je) * 5@ .

PROOF. Let us check that the pair Og(C), J¢ satisfies conditions (2.2.14)
of Theorem 2.2.1:

SD

W(=C) =0, (e, O5(C)) == K (Jg(Ks =€) =
B 12(05(s — C)) == 10(0(C)) = 0.

Under these conditions, for a general £
d > h*(Os(Ks = C)) = h’(Je(Ks = C)) =0
and, according to Lemma 1.2 of [13],
co(c)(Je)™ =€oc) (Je)-

For an irreducible curve K € |Kg| and a general £ we have J: ® O = Ok and
condition (2.2.21) of Lemma 2.2.4 is equivalent to h°(Ox(Kg — C)) = 0. But
for an irreducible curve K

Kg(Ks—C) < 0= h’(Og(Ks—C))=0

and condition (2.2.21) is satisfied. Then, by Lemma 2.2.4,
Y0s(C) |eo(c)(Je)) = 0 and the last condition (2.2.14) of Theorem 2.2.1 is
satisfied. 0

Clearly PicS = Z - Kg and the class of Og(C) satisfying conditions (2.2.24)
is empty. However if the Picard number p(S) > 1 then the half-space

Ex = {C € PicS|C - K5 > const = K2}

in the lattice PicS cannot be contained in the convex semicone of effective
divisors

Ct = {C € Pic S|h°(05(C)) > 0},
and therefore any class
(2.2.25) CeEx—Eg[\C*

satisfies conditions (2.2.24).
Moreover, for any such class with h?(Og(Kg — C)) = 0 and any d and
ce S(d)
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1) eo(c)(Je) is a compact modular bundle, and

2) Sply(eo(c)(Je)) = 5.

REMARK. In particular, if d = 1 we obtain an infinite family of moduli
varieties of bundles, isomorphic to S itself.

It is very important that we obtained precisely these bundles, since if they
are stable one can define a Hermite-Einstein metric on them and, integrating
it, obtain a Weil-Petersson metric on their moduli varieties, i.e., on S itself. A
method of It6 allows us to calculate the curvature of this metric.

Unlike the case of a K3 surface (see the example), for a surface of general
type the form —x (1.1.6) is not symmetric and the transformation (2.2.15) of
the lattice Kglg(S) is not —yx-orthogonal.

Lemma 2.2.5. If |[Kg| contains an irreducible curve C, K% > 0, and
C € Pic S satisfies conditions (2.2.24), then the Z-linear transformation

1) co(c) : Kg(S) — K3 (S),
(22.26) co)(f) = f = x(f{Os(C)N{Os(C)},
does not preserve the form —x (1.1.6), and

2) ifd > hO(Og(Ks — C)), then

(2 9 27) *X(‘]Ev Jé) + X(5O(c)(=]£),€(9(c)(=]£)) =
- =rk ho(adso(c)(Jg) ® Kg) > rz(pg -1+ Kgr,

where 7 + 1 = rkep(s(Je).
PROOF. Returning to§ 2 of Chapter 1 (1.2.17)—(1.2.22) we have

v(Je) = (1, 0’@%@1}_ d), v(0s(0))=(1,C,1C%+x/2),
—x(Je, 05(C)) === (v(Je),v(05(C))) + (v(Je),v(Os(C))) =

d—%gtx 1Kg-C
:d_%CQ—X-f—%KS'C:T}l,
—x(05(C), Je) = d - $C(C — Kg) — x,
v(eow)(Je)) = (r+1,rC, 5C? —d+ (r+1)%),
v (o) (Je)) = r2C% —r(r + 1)C? +2d(r + 1) — (r +1)%x =
1
=2 — 42 (d = 5O 1) =*(Jg) ~ r¥(py ~ 1) - 5C - K
—_—
Il
Il
v2(Je) .

On the other hand, “(Je|Je) = (eo(c)(Je)leo(c)(Je)) when i = 0,1. This
gives us assertion 2). O
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REMARK. Thus ep(cy(J¢) is a simple modular bundle which does not satisfy
the Mukai-Artamkin modularity criterion.

That is why the concept of modularity is needed: modular operations pre-
serve properties of moduli but invalidated the usual sufficient conditions like
the Mukai—Artamkin criterion or stability.

Let us return to the beginning of the section. Any subspace V C 1<E/ | F>
gives rise to an extension

(2.2.3) 0— ({E'|F)/V)®E —> ep(F) — F — 0,
given by a cocycle-epimorphism

(2.2.6') YE'|F) =~ ({E'|F)/V) @t (1), kerd=V.

d
Let F = Q F; and tk (E' | F;) = n. Then
i=1

d
NE'|F)=QQNE'|F), rkNE'|F)=dn
i=1
and the subgroup GL(}E' | F1)) x - -- x GL(XE' | F4)) € GL(}(E’| F)) acts on

the Grassmannian Gr(n 1<E' f F , where it has an open orbit Uy. It is easy to
see that the sheaf ¢ E( ) does not depend on the choice of V' € Uy. We denote

d

d
Definition 2.2.3. The sheaf % (@ Fl) will be called the composite uni-
i=1

versal extension.

The proof of the next theorem is completely analogous to that of Theorem
2.2.1.

THEOREM 2.2.3. Let E be an exceptional bundle and (Fy,...,Fy) a set of
modular bundles such that

1) Vi SplO(Fl) = SplO(Fi),
2) Yi#j (F;, Fj) is an independent pair (Definition (2.2.1, 3)), and
d
3) ViXE | F;) =%F;|E)=0," <E|£% ( ) F)> =
i=1
Then

d
1) €Y% ( &) Fi> is a simple modular bundle,
i=1

d
2) Sply (6% (@1 Fz)) S (Splo(F1))D where (d) is the dth symplectic power,
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P

3) TEOE (ie;él F,-) o Tr,

4) and for the hypernet of the local invariant (1.3.12)we have

8§ 3 The universal division operation.

An ordered pair (E, F') of sheaves on a smooth variety gives rise to a pair
of canonical homomorphisms

(2.3.1) YE|FYo E % F, E el op |F)" ®F,

which can be to extended to exact quadruples:
(2.3.2)

C(E,F): 0— ap(F) — XE|FY®E % F — y5(F) — 0
CT(E,F): 0— ak(F) — E % YB|F)'@F — 45(F) — 0
If all the sheaves in these sequences are locally free, then
(2.3.3) CT(E,F)=C(F*, E*)*.

Lemma 2.3.1. If E € R(B), then XE | ap(F)) =
PROOF. Let im can = Bg(F) C F. Then (E|F)

_<| F))=0.

%E | Be(F)). Apply-
ing the functor (E| to the exact triple
(2.3.4) 0 — agp(F) — YE|F)® E "% Bp(F) — 0
we obtain
0 — XE|ap(F) — XE[F) @ XB|E) — AE|8p(F)) —
| |
C NE|F)

— AE|ap(F)) — AE|F) o (E|E) = 0.

The lemma follows. O



156 Symplectic structures on on the varieties of moduli. . .

Lemma 2.3.2. If E is an exceptional bundle and (E, F) is a regqular pair
of bundles (see (2.2.2)) with yg(F) = 0, then there exists an isomorphism

(2.3.5) YE|F) =%E*|ag(F)"),
with respect to which

(2.3.6) C(E,F)" =C(E",ag(F)"),
(2.3.7) ag-(ap(F)*) = F*.

PROOF. Applying °(E*| to the triple C(E, F)*, we have

0 — XE"|F7) — AB|F)" @XE"| B) — AE" |ap(F)") — {E"| F7)

C

WE|F)=0.

We obtain the isomorphism (2.3.5) and prove (2.3.6) and (2.3.7) if we show
that %(E* | F*) = AF | E). But if \F | E) # 0 then, because yg(F) = 0, we
can find a nontrivial endomorphism £ —— FE, since either rk 0<E ‘ F > > 1 or
rk F > rk F', which contradicts the simplicity of F.

Lemma 2.3.3. If (E, F) is a reqular pair of bundles and o’5(F) = 0, then

(23.8) ar-(B*) = yE(F)",  ar(vL(F)) = E.

ProOOF. If (E, F) is a regular pair then (F*, E*) is also a regular pair, and
(2.3.3) together with (2.3.4) implies (2.3.8). O

Lemma 2.3.4. If (E, F) is a regular pair of bundles and yg(F) = 0 then

(2.3.9) NE|F) = %agp(F)|ag(F)).

In particular, if F is simple then ag(F) is also simple.

PROOF. Applying (ag(F)|to C(E, F) and (F*| to C(E*,ag(F)*), we have
(2.3.10)
0 — Yap(F)|ap(F)) —— AE|F) @%ap(F)|E) =+ %ap(F)|E)

ap(F)*)

0<F* F*>—>O<E* ap(F) *> 0<F* E*> _o2 0<F*

It is easy to see that o;’s are the standard contraction homomorphisms
oneda’s pairing), and under the above identification o1 = 09 = 0. Hence
Yoneda’ iri d under the ab identificati H

AE|F)=kero = Xag(F)|ap(F)).
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Continuing the sequences (2.3.10), we obtain

(2.3.11)

0 —— cokero
\
1

and the beginning of the upper sequence of (2.3.11) gives rise to a monomor-
phism

{ap(F)|ap(F)) NE|F)® Xap(F)|E)

(£

F*> O<E>k

ap(F)") @' (F*|E") = 0

daE : 1<F | F> I 1<aE(F) ‘ aE(F)>
(2.3.12) I I
TR Top(r)

If, in addition, the pair (F, ag(F)) is regular, then dag is an isomorphism.

It is not difficult to check that if B = S is a regular surface then dag gives
rise to a homomorphism of hypernets (1.3.12) of the local invariants of F' and
ag(F), which is an equivalence of the invariants if dag is an isomorphism.

THEOREM 2.3.1. Let E be an exceptional bundle, F a simple modular
bundle, (E, F) a regular pair, yg(F) =0, and (E,ag(F)) a regular pair. Then

1) ag(F) is a simple modular bundle,
2) Sply(F) is birationally isomorphic to Sply(ag(F)), and
3) if (E|F) =0 wheni >0, then in K3, (see (1.1.3))

(2.3.13) {ag(F)} = —{F}+x(E,F){E}.

PrOOF. For a U, > [F] from the covering (1.1.22) and the universal sheaf
Fq on B x U, the canonical homomorphism

T Ext?]a (T5E, Fa) @ THE —> F,

is an epimorphism on B x U/, where U, is a Zariski neighborhood of the point
[F]. Moreover we can find a neighborhood U/ C U, such that ag(F,) =
ker can|pxp, is a U,-simple flat sheaf. Formula (2.3.8) recovers the sheaf Fy,
[F1] € U/, from «, and, therefore, ag(F,) is a modular family. Assertions 1)
and 2) now follow, and C'(E, F) yields assertion 3). O

EXAMPLE. Let us return to the example of the previous section: B = S is
a K3 surface. Then the conditions of Theorem 2.3.1 are as follows: {FE | F > =
0. By (2.2.20) the transformation ag (2.3.13) of the Z-module Kglg(S) is a
reflection in the lattice with respect to the base vector {E}.
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To obtain a sufficient criterion of the regularity of the pair (E,ag(F)) we
restrict ourselves to the case when B = S is a regular surface.

REMARK. The assertion ”the complete linear series |C| on S is base points
free” will take the form vo(Og(C)) = 0 in the notation (2.3.2).

Lemma 2.3.5. If E € R(S), E** = E, vg(F) = 0 and the contraction
homomorphism

(2.3.14) o :AE'|E)@YE|F) — XE'| F)

is surjective, then the pair (E, ag(F)) is reqular.

PrOOF. {ap(F)|E) === YE'|ag(F)). Applying °(E'| to C(E, F) we
have

’

0 — AE'|ap(F)) — AB|F) @ (E'| E) —~ YE'| F) —
— {E'|ap(F)) — XB|F) @ (F'| E)
[lso
YE|E)=0.

The surjectivity of o’ implies (E' | ag(F)). O

THEOREM 2.3.2. Suppose that vo(Ks) = 0, Og(1) € PicS is ample,
E € R(S), and E** = E. Then for any sheaf F' we can find a number dy such
that for any d > dy

1) the pair (E(—d), F) is regular and (E(—d) | F) =0,
2) Ve(-a)(F) =0,
3) pair (E,ap(F)) is regular.

PROOF. By the theorem of Serre we can choose a dj, such that for d > dj,
condition 1) holds. Let us choose a djj > dj such that yo(E* ® F(d)) = 0 if
d > djj. Tensoring the epimorphism

HYE* @ F(d)® 05 % E*® F(d) — 0
by E(—d), we have

YE(-d)|F)® E(-~d) — End E®Q F — 0

C(:ln

i
i
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Assertion 2) now follows.

Now choose a dy > dj so that hl(ap(Ks) ® E* ® F(d)) = 0. Then the
cohomology sequence of the triple C'(Og, Kg) tensored by E* ® F(d) yields an
epimorphism

H(Ks) @ YE(~d)| F) — YE'(~d) | F) — 0.

But H°(Kg) is a direct summand of X E'(—d) | E(—d)), and the surjectivity on
this summand implies the surjectivity of all of ¢’ (2.3.14). Assertion 3) follows
from Lemma 2.3.5. O

Definition 2.3.1. The passage to the sheaf ag(F) from the sheaf F' is
called the operation of universal division (by E ).

Consider the modular family (2.1.17).

THEOREM 2.3.3. Suppose that yo(Kg) = 0 and Og(1) is ample. Then
there exists a number Ny such that, if N > Ny, then

1) for a general Oc(§) € Picg|Dlo (2.1.17) the sheaf ap—n)(Oc(§)) is lo-
cally free and simple,
2) Sply(ao(-n)(Oc(€))) % Pica|Dlo, and
3) the local invariants of Oc(§) and ap—n)(Oc(§)) coincide.

PrOOF. If C € | D] is smooth then the stalks of O¢(€) have homological di-
mension 1 at all points. By the syzygy theorem, if yo(—n)(Oc(&)) = 0, then the
local freeness of A Og(—N) | Oc(€))®Og(—N) in the triple C(Og(—N), Oc(€))
implies the local freeness of ap 4 (—n)(Oc(§)). It is not difficult to check that the
argument in the proof of Theorem 2.3.2 is also valid for F' = O¢(§). We only
need to replace (2.3.8) by the process of recovering Oc (&) from ap(—n)(Oc(§)).
To this end, using

(2.3.15) Eatp, (0 (), Os) = Oc(C? =€),
we invert the triple C(Og(—N), Oc(£)):
0 — AOs(—N)|Oc(& )Y ® Os(N) — ao-n)(Oc(£)* —

(2.3.16) — (’)C(C2 —¢&) — 0.

Choosing an Ny such that < } )| Oc(C? — §)> =01if N > Ny and applying
(Os(N)| to the triple (2.3. 16) we obtain

YOs(=N) | 0c(£))” = %0s(N)|ao-n)(Oc(§))),
(2.3.17) Oc(C? —¢) = ’YO(N)(CVO(—N)?OCJ*V(@)*)

Thus, we obtain an infinite set of modular families with birationally equiv-
alent moduli varieties. It is easy to see that in this case the map (2.3.13) is
also not —y-orthogonal for a general S.



160 Symplectic structures on on the varieties of moduli. . .

Let us go back to the beginning of this section. For any vector subspace
V C XE|F) we can consider the restriction of the homomorphism can of
(2.3.1) to V@ E C \E|F) ® E and obtain the exact quadruple

cany

(2.3.18) C(E,F)V :0 — ap(F) — V@ E =% F —~ y4(F) — 0.
Let F = él F; and 1k (E | F;) =n. Then (E | F) = él AE | F;), tk%E | F)=
1= 1=
dn, and the subgroup
GL(XE|F1)) x -~ x GL(AE| F1)) ¢ GL(XE | F)),
acting on the Grassmannian Gr(n, 0<E F>), has an open orbit U. It is easy

to check that the sheaves aj(F) and v} (F) in (2.3.18) do not depend on the
choice of point V' € U. We denote them by the symbols

o (4 o 2
(2.3.19) ap| @ F ), vl @ Fi ).
i=1 i=1
The proof of the next theorem breaks into a sequence of lemmas, and is similar
to that of Theorem 2.3.1.

THEOREM 2.3.4. Let E be an exceptional bundle and (Fy,--- ,Fy) a set of
bundles such that

1) each F; is simple modular, and ¥; Sply(F1) = Sply(F}),

2) Viz; (Fi, F;) is independent (Definition 2.2.1, 3)),

d
3) ¥V, (E,F;) and (E,oz% (69 Fz>> is reqular pairs, and
i=1

d
1) o% (EB Fl> is simple modular,
i

d .
2) Spl, (a% <_€al Fi>) e (Splo(F1) D where (d) signifies the dth symmet-
riC power,

d d
3) Tno (_@ F) = © Tr,

4) and for the hypernet of the local invariant (1.3.12) we have
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d d
T | @ F) = @ 7R,
B \i=1 i=1

Definition 2.3.2. The passage from the set (Fy,--- , Fy) satisfying condi-
d

tions 1)- 4) of Theorem 2.3.4 to the sheaf a% < ® Fi> is called the Mestrano
i=1

operation.

We now mention two known examples and a new one when this construction
yields new modular the families.

ExXAMPLE 1. Let p1,---,pq € S be distinct points on the surfaces S.
Setting F; = Op, and E = Og, we have

d
(2.3.20) o (e_al opi) = Je,

where £ = Y p; is the cycle constructed from the points p;.

EXAMPLE 2. (MESTRANO [10]). Let S —— P! be a bundle with genus g
curves as fiber, i.e., a pencil of curves |D| = P! without base points. Then in
the family of sheaves O¢(€) (2.1.17) with base

Pic,1|D| —*~ |D|=P'

the sheaves (O¢, (£1), Oc, (£2)) are independent if C; # Co, where C; = 7~ (p;)
and p; € PL. Moreover a(Oc, (&1) @ Oc, (£2)) is a two-dimensional modular
(and even stable) bundle. Its moduli variety is a bundle over P? = (P')(2):

Splo (e (Oc, (£1) & Oc, (&2))) — P2 = (PH)P,
T (1 + p2) = Jg41(C1) @ Jg11(Co).

EXAMPLE 3. Let S be a K3 surface with polarization Og(1), F a simple
Og(1)-stable bundle with v(E) = (r,C,s) (see (1.2.18)), and v? = 0. Then,
by [12], §4, the variety of moduli Mo(;)(v) of the bundle F' is birationally
equivalent to a K3 surface S’ isogeneous to S. We also have

THEOREM 2.3.5. For any distinct points ([F1],--- ,[Fa]) on S’ and excep-
tional bundle E there exists a number Ny such that for N > Ny

1) the set of bundles (Fy,---,Fy) satisfies conditions 1) — 4) of Theorem
2.3.4,

d
2) a%(_N) (@ Fl> 1s simple modular, and
i=1

d ir
3) Sply <a%(_N) <Q_91 Fl)> g (S,

Assertions 1) follows directly from calculations in §4 of [12].
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81 Constructive equivalence.

Coming back to §1 of Chapter I, we have the big lattice Vz(S) of a smooth
regular surface S, the Z-semicone F,(S) C Vz(S) consisting of the classes of
modularly close sheaves on S, the set R(S) of exceptional sheaves on S (see
(1.1.26)), and the diagram of Z-modules

R(S) CFn(S)C Vz(9)
(3.1.1) rml rml rml(1.1.11)
rm(R(S))C F(S) C KJy(S)

The group Pic S acts equivariantly on this diagram via y-isometries (see
(1.1.7).

Definition 3.1.1. Simple modular sheaves F; and F, will be called con-
structively close if for any ¢ # j F; can be obtained from F}; by the universal
extensions or universal division, under which T, is identified with T, or, in
other words, F; = L;; ® F}, where L;; € Pic S.

REMARK. The conditions in Theorems 2.2.1 and 2.3.1 give criteria for
constructive closeness but, as examples show, they are far from being necessary.
Chains of the relations of constructive closeness and modular closeness R,,
(see Definition 1.1.2) generate an equivalence relation Rx. We denote the
equivalence class of F' by {F}x. Thus, R(S) is the union of the Rx-equivalence
classes

(3.1.2) R(S) = | J{Fi}k.

Similarly, for the semicone F,,(S):
(3.1.3) Fr(8) = J{F}k.

162
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It is easy to see (see the proofs of Theorems 2.2.1 and 2.3.1), that modular
sheaves from the same constructive class have birationally equivalent moduli
variety:

(3.1.4) Fy % Py = Sply(F1) % Sply(F).

The number of classes (3.1.2) is an interesting invariant of the surface S.
Direct calculations show (see, for example, [12]) that if F} and Fy are simples
sheaves on a Del Pezzo or K3 surface, then

(3.1.5) FL By = 02(F) = v2(Fy).
In particular,

—1, S DelPezzo

(3.1.6) F e R(S) = v*(F) = {_2 S K3.

Not much is known about the structure of R(S) or the partition (3.1.2).
THE DREZET-LE POTIER THEOREM [4].

(3.1.7) R(P?) = {Op2} k.
Recently Rudakov proved the ”uniclassness” of the quadric
R(P' x P!) = {Op1 yp1 } k-

For a surface S of general type we can only show that the classes { F'} x contain
infinitely many elements modulo the action of Pic S.

Lemma 3.1.1. Let vo(Kg) = 0 and Og(1) be ample. Then for any pair
Ey, Ey € R(S) such that Ef* = E; there exists a do such that

1) for any d > dy
ag, (E2(d) € R(S),

2) for any dy,ds > dyo

ap, (Ba(d1)) # ag, (E2(dz)).

PROOF. Assertion 1) follows from Lemma 2.3.2. Now recall formulas
(1.2.18) — (1.2.21) from§ 2 of Chapter 1. Let Og(1) = Os(H), v(Ey) =
(7’1,01,51)7 and ’U(Eg) = (T27c’2,$2). Then

0(B>(d)) = (r2, o+ radH, ZH?@? + HCyd +55)

H? C! C
—X(El,Eg(d)> = 7“17‘276[2 + 7“17“2H 72 - 71 + Ks) CH'

T2 T1
s s CC Ci-K Oy K

. 714_72 _G1by Oy s Cg s
1 T9 179 2r1 2r9
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The exact triple C(Ey, E2(d)) (2.3.2) shows that
I‘kO{El (Eg(d)) = Ad2 —|— Bd + C,

where A, B and C are constants (depending on E; and F5). From this assertion
2) follows. O

COROLLARY. For every class {F;}x C R(S) (3.1.2)
#({Fi}x/PicS) = 0.

Similar arguments prove

Lemma 3.1.2. Under the conditions of Lemma 3.1.1 for any E € R(S)
such that E** = E, and any simple modular sheaf F', there exists a number dgy
such that

1) for any d > dgy
ap(F(d) € {F}k,

2) for any dy,ds > do
rtkag(F(d1)) # rkag(F(ds))

COROLLARY. For each class {F;}x C F,(S) (3.1.3)

#({F;}k/PicS) = oc.

The next result illustrates the extreme importance of the structure of the
"root” subset R(B) C Vz(B) of the big lattice.
THEOREM 3.1.1. Let M be a smooth irreducible variety with

RY(TM) =h°(QM) =0,
F a compact modular simple sheaf on a regular surface S, M = Sply(F), and
F a universal sheaf on S x M ( a Poincaré family). Then
1) F is an exceptional sheaf on S x M

(3.1.8) F € R(S x M),

2) rk 2<.7-' ‘ f> > rkim7gz, where Tx is homomorphism (1.3.7)=(1.2.31).

PROOF. The relative variant of the spectral sequence 7.3 from Chapter II
of [6] yields an exact sequence

0 — H'(M,Ext (F,F)) — NF|F) — H(M,Exty (F,F)) —
N————’ N—————

I[(1.1.23) [[(1.1.23)
M TM

—— H*(M, Ext}(F,F)) — XF|F).

The end terms of the initial triple vanish, and F is an infinitesimally rigid
sheaf. Since F is Op;-simple, ie., Oy = 53715?\4 (F,F), F is simple. The
monomorphism between the last two terms yields inequality 2). (]
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Since
(3.1.9) 75 (R(S)) € R(S x M),
the restriction to S x [F] gives
(3.1.10) {Frrlsxip D {F} k.

Definition 3.1.2. The class {F}x C F,,,(S) is said to be generated by the
class {Fp} i if there exist sheaves F' € {F}x and F € {Fy} such that F =

d d
al, (@ Fl) or F =¢&Y%, (@ Fi>, where [F;] € Sply(Fp), o% is the Mestrano
i=1 =1

operation (see Definition 2.1.1), and €% is the universal composite extension
operation (Definition 2.2.3).

EXAMPLE 1. {J¢}k is generated by the class of the skyscraper sheaf {O, } x,
pes.

CONJECTURE. On a K3 surface, classes (3.1.3) are generated by classes
{F;} i, where F; is a simple modular sheaf with isotropy vector v(F;) : v*(F) =
0.

The problem of describing the images of classes (3.1.2) and (3.1.3) under
the projection 7, (3.1.1) (for example, in the case of a K3 surface) reduces
to the problem of describing the fundamental domain of the group generated
by reflections (2.3.15) and antireflections (2.3.13) in the ultrahyperbolic lattice

(Kglg(S), —X) with respect to the vector from R(S) (see (3.1.6)) (but not all

the vectors of square —2).

To describe R(S) for Del Pezzo surfaces, Rudakov and Gorodentsev intro-
duced the concept of helixes in R(S) (see [8]). A helix in R(S) is a Kg-periodic
set of exceptional bundles, parametrized by integers

(3111 H = BBt Bigz, o),
{Ek|Brym)=0, i21, m>1, Egj,2=E®Ks,
where p is the Picard number of S.

If we replace one of the bundles from the pair (E;, E;11) by the bundle
ap,(Fit1), a£i+1(Ei) or €g,,, (F;), we obtain a new helix H’, and the chains
of such transformations gives rise to the relation Rx of constructive equivalence
of helixes. The Rg-equivalence class of the helix H will be denoted by {H} k.

EXAMPLE 2. S = P? [8]. The geometry of helixes in R(P?) is as follows:

1) R(S) is swept by helixes.
2) Each pair E, E' C R(P?) lies in a unique helix.

3) All helixes are constructively equivalent and thus constructively equiva-
lent to the unique helix of invertible sheaves Hy = (--- , Op2(3),- - ).
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Of course, this immediately implies (3.1.7).

Each helix H gives rise to the dual helix H = (--- , E;,---) (see [8], §3, for
precise definition). A length p(S)+2 segment of the helix (3.1.11) (for example,
(Ev, -+, E,42) is called a coil of H.

A coil of a helix and the corresponding coil (Ey, - , Ep+2) of the dual helix
give rise to a resolution of the diagonal A C § x S:

(3.1.12) ) ~
0— EP+2|Z|EP+2 _— e E1 |Z|E1 —— OSXS —— OA —_— 07

where EXN E = ntE ® m3F and 7; is the projection onto the corresponding
direct summand.

This resolution is an analogue of the Beilinson spectral sequence, the exis-
tence of which has the following consequences (well known for S = P?):

1) The classes {E;},i=1,---, p+2 of the bundles from the coil of the helix

are generators of the lattice (K,glg(S), —X)-

2) For any sheaf F on S
{F} =) (-1)'r{E}, ri=1k'(E;|F).

3) Any sheaf F on S is the cohomology of a complex built of direct sums of
bundles F;.

Later we will see that all these statements are no longer true if p,(S) > 0.

§ 2 Universality.

Given an algebraic symplectic structure w on a variety Bs, any morphism
f: By — B5 induces algebraic symplectic structure f*w on Bj:

B, % B, > 0B, L OB,
(3.2.1)

frw

But an algebraic symplectic structure can also be induced when B; and By are
related to each other in a more complicated way.
Lemma 3.2.1. Let

(3.2.2) / \‘
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be a diagram of morphisms between smooth varieties, where 7 : B —— By is
a bundle with nondegenerate differential and complete smooth rational fibers.
Then any algebraic symplectic structure w on By induces an algebraic symplec-
tic structure (m, f)*w on Bj.

PROOF. Diagram (3.2.2) induces the following diagram of bundles on B:

0 ——» TB/nr — TB 5% 7°TM — 0

(3.2.3) k‘ l y l‘”

00— OM % QB — QB/7 — 0.

Both the diagonal homomorphism ¢; and the vertical homomorphism ¢ in
this diagram vanish on each fiber 771(b), because

(3.2.4) KO(A2Qn~ (b)) = hO(Qr~1(b)) = 0.

This gives rise to the solid diagonal homomorphism f*w.

Lemma 3.2.2. The assertion of Lemma 3.2.1 remains true if the map f
in diagram (3.2.2) is a rational map such that for the closed subset ¥ of its
indeterminacy points and any point b € By

(3.2.5) codim, -1 N1 (b) > 2.

Proor. Although diagram (3.2.3) is defined only on the open set By =
B — %, the restrictions of the broken homomorphism ¢; and @y of (3.2.3) to
the fiber 771(b) — X N7 ~1(b) vanish for each point b € By, because, by Hartogs’
theorem, equalities (3.2.4) hold. Therefore, for any point of By the image of
the homomorphism f*w lies in the subbundle QM c QB. 0

Definition 3.2.1. Diagram (3.2.2) with a rational map f satisfying condi-
tion (3.2.5) of Lemma 3.2.2 is called a rational correspondence and denoted by
(m, f)-

REMARK. Rational correspondence is not symmetric. The term ”rational”
is related to the map f and the variety 7=1(b).

If F is a flat family of torsionfree sheaves on a regular surface S with base
M, then the main construction of [13] gives rise to a rational correspondence
(m,¢%) of the variety M with the Douady space S(¥ (see (2.1.4)) such that
the triangle

(3.2.6) )

is commutative.
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Let F be a rank r + 1 torsion free sheaf on S. An embedding of sheaves

Ve Kg —%+ F modulo GL(V), where V = C", which can be extended to an
exact triple

(3.2.7) 0—VeKs 2+ F— Jys)(c1(F) —rKg) — 0,

is called a regular K -block of F', and thin cycle £(S) € S(4, where d = ¢o(F"),
is called a degeneration cycle of the K-block S. (See [13], Definition 1.2.2 —
1.2.4 and Lemma 1.2.1]). A sheaf F is called regular if

Y (F) =0, h*F)=h*0s(ci(F)—rKg)).

In this case the second coboundary homomorphism in the exact cohomology
sequence of the triple (3.2.7) yields an isomorphism

V = HOs|Je(s)(er(F') + Ks))
(see Lemma 2.2 of [13]), and thus F becomes the universal extension
(3.2.8) FZEKS(Jg(S)(Cl(F/) +Ks))

(see Definition 2.2.2 of this paper). By Lemma 2.3 of [13], if F' is a simple sheaf
then any regular K-block S is uniquely determined by its thin degeneration
cycle £(S). Furthermore, for any regular torsionfree sheaf F' the variety of
regular blocks B(F) either is empty or contains a Zariski open dense subset of
the Grassmannian G(r, HO(F")) (see [13],§3).

It is not difficult to prove the following generalization of ” Serre’s theorem”:

Proposition 3.2.1. Let Og(1) be an ample invertible sheaf on a smooth
reqular surface S. Then the following assertions are true:

1) For any torsionfree sheaf F' of rank > 2 and any sufficiently large N
(3.2.9) BAF(N)) = R(F(N)) =0, B(F) # &;

2) For any flat family F of torsionfree sheaves of rank = 2 on S x M and
any sufficiently large N
a) Vm e M, F,,(N) satisfies condition (3.2.9), and
b) ROmtp (F' @ w50s(N)) is a locally free Opr-sheaf.

A family F on S x M such that, for all m € M, F,, satisfies (3.2.9) and
ROmpr F' = H(F) is locally free is called reqular. A regular family F on S x M
gives rise to the bundle

(3.2.10) G(r,H(F)) —= M, = '(m)=G(r, H'(F),)
which is the Grassmannization of H(F), and the open subset

(3.2.11) B(F) € B(r,H(F))
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of regular blocks. Assigning to each regular block its degeneration cycle gives
rise to the map @ff of the diagram

G(r,H(F)) d=cy(F),) ,

U o )
(3.2.12) /B(f& 03 B(Fp) — S
M

§@  ¢F, () =¢€(S)

(see [13],§ 2, (3.2)). The map ¢F is regular on B(F) and rational on G(r, H(F)).
THEOREM 3.2.1. For any w € H°(A%Q.S)

(W) = (1, 97)" (17, (W),

i.e., diagram (3.2.1) is commutative.
ProOF. Twisting triple (3.2.7) by K§, we get

(3.2.7) 0—> V®0Os —» F!, L+ Je(D) — 0,

where D = ¢1(F),), £ = &(5), d = c2(F},). Applying |Je(D)) to the triple
(3.2.7°), we have

UV @ O | Je(D)) > NJe(D) | Je(D)) == (EL, | Je(D))

V* @ H(Je(D)) TJe =TS

(3.2.13)

Since h!(Og) = 0, triple (3.2.7’) yields another triple:
0 —V — HYF,) — H°(Je(D)) — 0.
Hence
V* @ H(Je(D)) = TG (r, H(Fy,))v = TB(Fp)y = (T'B(F)/7)(m, S)

and the coboundary homomorphism ¢ in (3.2.13) decomposes as follows:
. 5
V* @ H(Je(D)) — YJe(D) | Je(D))
(3.2.14) H Idw;
( /ﬂ-)(m S) — TB(]:)(m,S)
On the other hand, applying (F).| to (3.2.77), we have

YEy, | Je(D)) <= N Ep, | Fly) ~——YE,, |V @ Os)

Serre
duality

(3.2.15) T H

TM,, V*® HY(F,)* =0.
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Let s € HY(Kg) and F 2L PR Ks be the sheaf homomorphism defined by
s. The theorem now follows from the commutativity of the diagram

T§§d> - T My,
H ......... S L - H
(Je(D) | Je(D)) NF | Je(D)) ~—— XFy, | Fp,)
(3.2.16) l L®s l i®s l L®s

{Je(D) | Je(D) @ Ks) — XF,, | Je(D) ® Ks) < XF,, | Fy,)

RN |
G "M,

To illustrate this let us turn to the compact modular case: let M be a
complete smooth variety of moduli of bundles on S and F a universal sheaf on
S x M. Consider the algebraic cohomology class

co(F) € HY(S x M, 7),

which is the second Chern class of F, and its (2, 2)-component in the Kiinneth
decomposition

(3.2.17) c2(F)2,2) € H*(S,Z) @ H*(M, 7).
This component is also an algebraic cycle (H*(S,Z) = H?(S,Z) = 0), and it
defines a homomorphism

&' . H?(S,Z)* — H?*(M,Z).
The Poincaré duality gives rise to a lattice isomorphism H?(S,Z)* = H?(S,Z),
and, therefore, to a homomorphism
(3.2.18) & :H*(S,Z) — H2*(M, 7).
Since 02(_7-')(272) is a type (2,2) Hodge cocycle, the map ® ® C is a homomor-
phism of Hodge structures and, in particular, we have the homomorphism
(3.2.19) (® ®C)%°: H?°(S) — HZ°(M).

Lemma 3.2.3. (® ® C)?% = 77 = —(f}. ® C)%° (1.2.31).

PrOOF. The homomorphism (3.2.19) does not change when F is twisted
by elements of 7% (Pic.S), and we may assume that F is regular. Then for any
point (F,,,S) € B(F) (3.2.11) the triple (3.2.77) yields the equality

c2(Fy,) = c2(Jeesy(er(Fy,))) = ca(Je) + const.

Thus, by Theorem 3.2.1, it suffices to check the desired equality for the family
Jz (2.1.9) with base S(4. But in this case the result follows from (2.1.9),
(2.1.11), and (2.1.13). O
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§ 3 The image of the moduli variety in K°(S).

If S is a smooth regular surface let, as usual,

(3.3.1) CH(S) = the free abelian group of points on S

cycles rationally equivalent to zero

be the Chow group of cycles on S, CH?(S) 7+ 0 the " degree”
epimorphism, and CHZ(S) its kernel, i.e., the group of classes of degree of 0
cycles. Fixing a point pg € S, we obtain an inductive system of maps {rq}:

d
(3.3.2) S M, CHZ(S), T4 (Zpl) = class (Zpl — dp0> ,
i=1

and therefore, a system of maps
(3.3.3) §@) LY o) _re, cp2(g)

between smooth varieties.
The irreducible unirational variety

(3.3.4) Sy = {€ € 5D |suppé = po}
gives rise to the rational correspondence (m, f,,) (see(3.2.2)):
Q(d Q(n
5 5 0

(3.3.5) / K‘
S

§(a) S(d+n)

Ttoem = Je ® Iy

The inductive system of rational correspondences {(7, f,)} allows us to define
the following things:

(1) The inductive limit topology on CHZ(S);

(2) The notion of a morphism ¢ from any smooth variety M into CHg(S)
as a rational correspondence (3.2.2) between M and S(4 for some d:

(3.3.6) ©: M — CHZ(S).

(3) The notion of a type (2,0) form on CHZ(S) (see Lemma 3.2.1) and,
therefore, the space
H*(CHG(S))

(the forms are invariant under translations in C HZ(9)).
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(4) The isomorphism
(3.3.7) 7 H*(S) — H*°(CHZ(S))
and any morphism ¢ : M — CHZ(S) induce a homomorphism
(3.3.8) ©* : H*9(S) = H*°(CHZ(S)) — H*°(M)
(Lemma 3.2.1).
Now we can interpret the results of the previous section as follows:

1) For any family F on S x M the rational correspondence of degeneration
blocks (3.2.12) determines uniquely, up to a translation, a morphism

(3.3.9) op: M — CHZ(S).
2) The homomorphism (1.3.7)
(3.3.10) T =gl
It is easy to see that for a smooth regular surface S
K°(8) ® Q= K3,(S) ® Q& CHG(S),

where K°(S) is the Grothendieck group of S. Therefore, we can interpret the
morphism ¢p (3.3.9) as map of the variety into K°(S).

THEOREM 3.3.1. Let F' be a torsionfree simple modular sheaf on S for which
there exists a section s € H°(Kg) such that 7(S) (1.3.11) is nondegenerate,
i.e.,

(3311) TF(S) . 1<F|F> ............. > 1<F|F®KS>

18 an isomorphism.
Then for any analytic neighborhood U of the point [F] in Sply(F) and any
representation of the block morphism

U 2. CH2(S)

as a composition

U 2 . CH2(B)
(3.3.12) X\ %{
M/
of morphism, where M’ is a germ of an algebraic variety, we have
(3.3.13) ker d’L/J[F] = 0,

i.e., ¥ is an immersion of [F].
ProOF. By (3.3.10), kerdyp) C kerrg(S) (3.3.11). Hence, kertp(S) = 0
implies (3.3.13). O
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COROLLARY 1. Under the assumptions of the theorem,
(3.3.14) dim M’ > dim Sply(F) = rk ' (F|F).

COROLLARY 2. If S is a K3 surface and F is simple sheaf, then the de-
composition (3.3.12) implies equality (3.3.13).

Indeed, it follows from [11] that F is modular and (3.3.11) is an isomor-
phism.

Theorem 3.3.1 make precise the following intuitive observation: the moduli
variety of bundles on S with nondegenerate induced symplectic structure maps
into Ko(S) with no loss in dimension.

Thus, the principles of classification of bundles on a regular surface with
pg > 0 are entirely different from those in the case of a rational surfaces (for
example, P?):

1) A bundle cannot be represented as the cohomologies of a standard monad.
2) There exists no resolution of the diagonal in S x S of the form (3.1.12);
3) The theory of helixes (3.1.11) in R(S) is not applicable, etc.

As a matter of fact, any bundle (and all of its constructive class) is almost
uniquely determined by its second Chern class in CH?(S), and the varieties of
moduli of bundles are maximal finite-dimensional algebraic subvarieties of the
"monster” CHZ(S).
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Introduction.

The aim of this talk! is to bring together some results and constructions
relating the geometric structure of moduli spaces of stable vector bundles on a
flag of varieties of type:

(0.1) XD>S85>C,

where X is a Fano threefold, S € | — Kx| is a K3-surface and C is a curve on
C.

Let Mx, Mg, Mc be the components of the moduli spaces of stable vector
bundles with fixed first Chern class ¢; on X, S and C' such that

(0.2) Ee My = FEl|s € Mg = E|c € Mc¢.

Then the restrictions provide maps

resg resc

(0.3) Mx —> Mg — Mg.
Mx being regular means that for any ' € Mx
(0.4) H?*(ad E) =0,

where, as usually, ad E@Ox = End E = EV® E. Then the long exact sequence
of the short exact sequence

(0.5) 0— adE® Kx —> adE — adE|g — 0,

is short, too:

dres

(06) 0— H'(adFE) — H'(ad E|g) — H*(ad E® Kx) — 0,

IThis is the extended version of my talk on the Conference ”Complex Abelian Varieties” in
Bayreuth, 2 — 6 April 1990. I would like to express my thanks to K. Hulek, T. Peternell,
M. Schneider and F.-O. Schreyer for the invitation. I would like to express my gratitude
to Mathematisches Institut der Universitdt Erlangen—Nirnberg and personally to Herbert
Lange for support and hospitality.
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because H!(ad E ® Kx) = H?(ad E) = 0 by Serre-duality on X.
Now, by standard theory variations we can interpret the vector spaces of
(0.6) as the fibres of concrete vector bundles on Mx and Mg:

(0.7) H'(ad E) = (TMx)g
is the tangent space to Mx in the point £ € M. Similarly
(0.8) H'(ad E|s) = (TMs)ps,

and we can interpret the monomorphism from (0.6) as the differential of the
restriction map (0.3).

REMARK. In the local setup, the condition (0.4) implies the existence and
smoothness of the local moduli space. Moreover the first part of long exact
sequence (0.5) is

0 — H(adE® Kx) — H°(ad E) — H°(ad E|g) — 0.
Hence, the simpleness (h°(ad E) = 0) implies the simpleness of the restriction
E|s and from this the existence and smoothness of the local moduli space for
E|s (see [15]).

Now, on Mg there is holomorphic symplectic structure, that is skew-symmetric
homomorphism

(0.9) w:TMgw— T'Mg, w'=-w,
which over a point E|g is defined by Serre-duality
(TMs)p)s = H' (ad E|s) 2 H' (ad E|g)" = (TV Mg) p| -

The restrictions map resg (0.3) induces a symplectic structure on Mx by the
diagram

0 0
(0.10) TMyx 255 TV My

ldress Idresé

TMg —+ TV Mg,
where the verticals are the beginning of (0.6) and the end of (0.6)V. But by
Serre-duality
(0.11) H*(adE® Kx) = H' (ad E) = TV My,
and we can extend (0.10) to

dresg

0 ——~ TMy TMs — TVMyx —— 0

(012) resgwl lw
0 «— TV My <5 TV Mg «— TMy «— O,
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where the beginning of (0.12) is the dual of (0.10) and the horizontals are (0.6)
and (0.6)V.
Now, by functoriality of Serre-duality we can see, that
w(TMx)=TMx = resgw =0.

Hence we proved
Proposition 0.1. The image Im(Mx) C Mg is a Lagrangian subvariety
of Mg and
dim Mg = 2dim Mx.

Let us go to the second part of the chain (0.3): in this situation together
with (0.6) we consider also the sequence

(0.13) —— adE|s — ad E|s(C) — ad E|c ® K¢ — 0,

where ad E|g(C) = ad E|s ® Og(C) and K¢ = Og(C)|¢ is the canonical class
of the curve C.

(0.14) H°adE|c ® K¢) — H'(ad E|g) — H'(ad E|s(C)) — 0.

A vector of the space H’(ad E|c ® K¢) can be interpreted as a homomorphism
(0.15) ¢: Elc — Elc ® Kc,

which is called a Higgs field (on C) and by Serre-duality

(0.16) H°(ad E|lc ® K¢) = H' (ad E|¢)Y = TV M¢

is the fibre of the cotangent bundle on M¢.
Consider now the homomorphism

(0.17) w i TVMg — TMg

as the Poisson structure on Mg (see [18]). The map resc : Mg — M defines
a Poisson structure on the image res¢(Mg) C M¢ by the diagram:

TVMC dress TVMS
(018) reséwlI lwl
TMC dresc TMs,

which can be extended to
(0.19)

0—— HadE|s(C)) —= TVMe —2%% VMg — H'(adE|s(C)) — 0

w =1 -1
rescw l lw

0+ H*(adE|s(—C)) ~— TMg ~2° TMg «— H'(adE(—C)) ~——0

H(adE|s(C))V H'(adE|5(C))"
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where the lower sequence is induced by the analogue of (0.6) and the upper
sequence is induced by (0.13).

REMARK. The left hand zero of the upper sequence is provided by the
simpleness of E|g, and the right hand one is provided by the simpleness of
E|¢. In which cases does the stability of E on S provides the stability of E|c?
This very important question will be investigated below in detail.

Now, we give the following

Definition 0.1. The Higgs field (0.15) is called extendible iff it is the
restriction of a homomorphism ¢ : Eg —» Es(C) of vector bundles on S.

There exist two important partial cases of our situation:

I. All Higgs fields on C are unextendible.

IT.

(0.20) h'(ad E|s(C)) = 0.

In the first case the restriction map resc : Mg —— M is a surjection and
Myx —— Mg is a Lagrangian projection

ress

My 255 Mg

(0.21) \ lc

Mc

In the second case res¢ : Mg — M is a local embedding. There exists a
regular map

(0.22) fo: Mg — P29(C)—1

into the projective space of conformal blocks (see the exact description in §3
and [11], [4]), which is almost independent of C' (see [11]). We provide the
diagram

resg

My — Mg

| N\
(0.23) \reic\
Me

(c
fo P2’ )1

We would like to prove that f does not depend on the choice of the smooth
curve C' in the linear equivalence class of C' (see § 3) and we make the first
step to prove this conjecture.

Our aim is to investigate all parts of this diagram in detail and in a general
situation, and to apply the information about the whole construction to the
problem of describing the moduli space of the mathematical instantons on P3.

Below we consider the right hand part of the diagram (0.23) in the second
case (0.20), that is the questions about relations between the moduli spaces of
stable vector bundles on a surface S and on a curve C' C S.
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§1 Polarisations. Embedding theorem.

Let S be a smooth complete regular surface over C and H be a divisor class
on S. Let us recall that a divisor class H is called a polarization if H2 > 0 and
HC > 0 for every effective curve C on S.

Then by Serre’s theorem

1. For every divisor class D on S there exists a number dy such that for
every d > dy

(1.1) D+ dH is a polarization.

2. For every coherent sheaf F' on S there exists a number dy such that for
every d > dy

(1.2) HY(F ® Og(dH)) =0, 1i#0,
and for 7 = 0 the canonical homomorphism

(1.3) HY(F ® O5(dH)) ® Og — F ® Og(dH)
is an epimorphism.

Hence, if we consider the lattice Pic S of divisor classes on S, then the
subset of polarizations is a convex halfcone

(1.4) V*(S) C Pic S.

Moreover, for every homogenous integer-valued polynomial v on Pic S the re-
striction

(1.5) v|v+ determines 7 on Pic S.
The last technical detail is the semicontinuity of the function
(1.6) h(b) = vkH'(F|;), be B

on the base B of a flat family of sheaves on S in the Zariski topology.

Let My (2,c1,c2) be the moduli space of H-stable rk 2 vector bundles on S
with Chern-classes ¢; € Pic S and ¢y € Z.

Let C € |dH| be a smooth curve and M¢(2,{c1}) be the moduli space of
stable rk2 vector bundles on C' with fixed determinant {c;}. Multiplying if
necessary the vector bundles by L € Pic S we may assume that

0, if deg ¢y -C'is even

1.7 d -
(17) efer) {—1, if deg Cy - C'is odd.
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THEOREM 1.1. There exists a number do(k) such that for a generic smooth
curve C € |dH| and d > dy(k) the restriction map

(1.8) resc : My (2,¢1, k") — Mc(2,{c1})

is an embedding for all k' < k.
PROOF. First of all, it is easy to see that the set of irreducible components
of the union

U Mp(2,c1,k')

K<k

is finite by Bogomolov’s inequality for stable of vector bundles
(1.9) el < 4K < 4k.

Let My be any component of | J My (2,¢1, k'), k" < k.
Consider on My x Mg the function

(1.10) hY(Ey, Ea,d) = tkH (EY ® By @ Og(—dH)).

Let supp h'(E1, E2, d) denote the support of this function. Then there exists a
number do(Mp) such that

(1.11) supp h' (Ey, Eo,d) =0, Vd > do(My)

by (1.2) and (1.6) applyied to the family £V ® F; ® Kg with base My x My
and Serre-duality. Consider

1.12 df = do(Myz).
(112) 0 MHeuang)(ngl’kl) o(Ma)

Then for every C' € |dH|,d > d} and for every pair Ey, Es, of vector bundles
of UMu(2,¢1,k")

(1.13) Eilc 2 Eyl¢e = Ei2E,.
Indeed, multiplying by EY ® Fa the short exact the sequence
(1.14) 0 — Og(—dH) — Og — Oc — 0,
provides the short exact sequence
(1.15) 0 — EY @ By ® Og(—dH) — EY @ By — EY|c ® Es|c — 0.
By (1.11) the long exact sequence of (1.15) provides epimorphism
H°(BY ® Ez) — H"(EY|c ® Ealc) —= 0
(1.16) H

HOIH(El,Eg) HOHl(Ellc,E2|C)
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. . [ .
Now an isomorphism F1|c — Es|c comes from a homomorphism

El i’ E2 )
which is an isomorphism over a general point of S. Hence
AZ(JB : 05(61) e Os(cl)

is not zero and ¢ is an isomorphism.
Let us go to the question of stability of F|c. For every vector bundle E on
the curve C consider the number

(1.17) I(E) = v deg L4,

where L; is a line subbundle. Thus, if we normalized deg F as in (1.7), then

(1.18) I(E)>0 <= E isnot stable.

Now consider again the set {Mp} of components of |J Mg(2,c1,k'), and let
the number e

(1.19) moy = dim My

= max
My CU Mu(2,c1,k)

be the maximum of dimensions of the components of the union.
For any component My consider the direct product

(1.20) My x |dH o,

where |[dH|o C PHY(Og(dH)) denotes open set of reduced curves of the com-
plete linear system of curves.
Consider the subvariety of the direct product:

D My x |dH]|o,

(1.21) D¢ = {(E,C)|I(E|c) = 0},

that is the subset of a pair (E,C),E € My,C € |dH|o such that E|¢ is not
stable.

The projections pr; and pr, of the direct product My x |dH| onto its
components define the projections pr,, and pry of D¢

My x |dH|o
& Pry = prﬂDd
o U or Preg = Pr2|Dd
My~ D €~ |dH|o

For every E € My we define the subvariety of the projective space |dH|:
(1.23) DYE) = pry} (E) C |dH]|.
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Tt is the set of curves in |dH| for which the restriction of F is not stable.
Let us prove that there exists a number df! such that for every d > db!

(1.24) dim D¢ < dim |dH]|.
But

dim D?* = dim My + dim D*(Egen)

(1.25) .
dim My < mg (see (1.19)).

Hence, it suffices to show that there exists a number di! such that for every
E € My and for every d > déI
(1.26) codim 47 P*(E) > mo + 1.

To prove that, let us consider the subvariety of reducible curves in the projective
space:

(1.27) SUH|={Ce|dH| | C=c1UCyU---UCy, C; € |H|}.
(We can assume that for Og(H) = F the condition (1.3) is true passing if
necessary to a multiple of H.)
Now, let
(1.28) Dyq(E) = DYE) (1) 8°|H|

be the set of the reducible curves of nonstability for £. Then

(1.29) codim|dH"Dd > codimsd‘H‘Dde(E).
At last, let
(1.30) o |H|* — SYH|

be the standard d!-sheeted covering and

(1.31) DLA(E) = o~ (DLy(E)).

Let us remark that

(1.32) codim3d|H|Dde(E) = codim‘H‘dﬁfcd(E).

Now it suffices to show that for every E € My there exists a number di!(E)
such that for every d > di!(E)

(1.33) codim| g DLy (E) > mo + 1

(see (1.26), (1.29) and (1.31)).
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But if this assertion were wrong, then there would exist a number Ny such
that for d > Ny we have

Dig(E) = Dpy(E) x |H[*™M
(1.34) N N [
(= = HN x o [H[T,
that is
(1.35) UE|cyuucn,) 20 = U(E|c;u. 00N, UCny +1U..C4) = 0
for every collection Cny41,...,Cq of curves of |H|. But this would give a
contradiction.

Indeed, for every pair of curves C and C’ on S
(1.36) I(Elcucr) < UE|c) +U(E|c),
because every line subbundle L C E|cycr defines two line subbundles
(1.37) Li=Llc CEl¢c and Ly =L|c C Eler
with an equality
(1.38) deg L = deg Ly + deg Lo.
Now, if DL(E) # |H|, then
(1.39) C ¢ DY(E) = I(B|c) < 1.
Consider the number

(1.40) AE) = max  U(Elo,u-uey,)
(C1U---UCN,)EIH |y °

and a number d such that
(1.41) d— No = ANE)+1.

Choosing a collection (Cn,+1 U -+ U Cy) of curves from |H| such that

(1.42) Vi COn,1i ¢ DHE),
we have
d—No
(143) Z(ElclU"'UCNOUCNO+1U"'UCL£) < Z(E|CIU“'UCNO + Z (E|CNO+1') < -1
i=1
<SA(E) <—(d—No)

by(1.39) — (1.42). This contradicts (1.34) and (1.35).
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So the proof of the existence of the number di!/(FE) (1.33) is now completed
by observing that we can assume

(1.44) DY(E) # |H]

(see (1.42)) by the theorem of Mehta—Ramanathan—Flenner (see [13], [7]) pass-
ing if necessary to a multiple of H.
Now, there exists a number

17 _ 17
(1.45) dy (Mp) = max dy' (E)

by (1.6) and the number

1.46 dll = A (My).
( ) 0 MHCUHJ\}IaI:I}%Q,Cl,k’) 0 ( H)

The number of Theorem 1.1 is
(1.47) do(k) = max(d}, db’),

where d} is a number (1.12), and we are done.

REMARK. The proof of this theorem for the moduli space Mg (r,c1,co) of
H-stable vector bundles of rank r with Chern classes ¢; € Pic S and ¢y € Z is
similar except that in the general case the number [(E) in (1.17) is replaced by
the minimal slope of the nonzero torsion free quotient of E.

§ 2 Compactification. Extension of the restriction map.

The moduli space Mg (2,c¢1,k) of H-stable vector bundles on a regular
algebraic surface S may not be complete, but it has a natural compactification
Mg (2,c1,k) constructed by Gieseker [9]. The geometric points of the corona
(boundary of the closure)

(2.1) G(My(2,¢1,k)) = My (2,c1,k) — My (2, c1, k)

represent classes of torsion-free sheaves semistable in the sense of Giezeker (see
9)).

Let us recall this construction. First of all, replacing E by E ® Og(dH),
we can pass from our family of vector bundles to a family of vector bundles
such that for all E € My(2,c1,k) we have the conditions (1.2) and (1.3), that
is H(F) =0, i > 0, and E is generated by its global sections. Hence

(2.2) rk H(E) = x(E)

does not depend on E € My (2,c1,k).
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Let V be a vector space with rk V = rk H°(E). Choose a linear isomorphism

(2.3) f:HYE) — V.
Let
(2.4) H°(Os(c1)) =W

be the space of global sections of
(2.5) det E = A’E = O5(c1).
Now, consider the homomorphism

t(E,f) : A2V = AQHO(E) - Ho(det E) =W

2.6
( ) t(E7f)(81,$2) = 851 A\ 89.

Thus, we can consider t(g sy as a tensor from A?V* @ W and up to C* as a
point of the projective space PA2V* @ W.

The group SL(V) acts on PA2V* @ W. According to geometric invariant
theory the semistable orbits of this action fill a subvariety

(2.7) P, CPA*V* @ W
and the algebraic variety

P(n,n') = Pss/SL(V)

(25) " v
n=rkV, n =rkW

is complete. This variety can be embedded into a projective space by homoge-
neous invariant forms of sufficiently large degree:

(2.9) P(n,n') —— PN
and this embedding induces the linear vector bundle on P
(2.10) i*Opn (1) € Pic P(n,n’).

The orbit of the tensor Pt g ) is independent of f and depends on the vector
bundle E only. Then we have a map

(2.11) My (2,c1,c2) <. P(n,n'),
which provides a line bundle
(2.12) L=G" i*Opn ().

In the paper [9] Gieseker proved that
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1) G is an embedding. He gives the exact construction for recovering E from
the tensor (g ¢y (2.6).

2) This construction leads to the interpretation of semi-stable tensors of
PV* ® W which are contained in the closure of G(Mp (2, ¢1,c2)) as semi-
stable torsion-free sheaves on S.

The variety M (2, c1,c2) can be singular and it is natural to consider the
group of formal divisor classes over Q:

Pic oM (2, ¢1,c2) = Pic Mg (2,¢1,¢2) ® Q.

Now, if our surface S is simply connected and the intersection form gg on
1
H?(S,Z) is even, then there exists a line bundle K2 onS such that

(2.13) (K2)®? = K € Pic 8,

where Kg is the canonical vector bundle on S. If intersection form ¢g is odd,
then we consider a virtual vector bundle

(2.13') K2 €Pic S®Q, (K2)®*=Ks € Pic 5.

Now, we can construct a special line bundle Ly € Pic QMH(Z, c1,¢2) by de-
scribing each fibre over E € M (2, ¢1,¢2) as line

(2.14)

‘ 3 ¢ i 1 i1
(Li)p = QU H (E@ K2 @ H) ™)@ (A" H(EY @ KZ @ HY) V™),
=0

It is not hard to see that there exists a rational number a(cy, ¢z) such that in
Pic oMy (2, 1, ¢2)

_ ra(e,e2)
(2.15) L= L5

where L is the line bundle (2.12).
1
Indeed, if £ ® K2 ® H satisfies the conditions (1.2) — (1.3), then

. 1
H(FE®KZ®H)=0, 1#0
Hi(EV®KZ®@HY)=0, i#?2,

1 1
and the space HY(E@ K2 @ H) is dual to H?(EV ® K2 ® H") by Serre-duality.
Hence in that case
1
(2.16) (Lp)p =A™ HY(E® K2 ® H))?,

but by the invariant theory the homogenous invariant forms defining (2.9) are

forms from det V = det H(E @ Ké ® H) and we have (2.15), where L is the
line bundle(2.12).
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In analogy with these constructions we have the construction of the com-
pactification of the moduli space of stable vector bundles with fixed determinant
on the curve C.

There are two classes (1.7):

1) If {1} = —1, the M¢(2,—1) is a complete, smooth, rational variety of
dimension 3(g(C) — 1), where g(C) is a genus of the curve C.

2) If {1} = 0, the dimension is the same, we may assume that
Oc({c1}) = Oc¢, and M¢(2,0) may be compactified by the family of
2-vector bundles of type

E=L®LY

(2.17) Le J(C), degL=0,

where J(C) is an Jacobian of C. Hence

is the Kummer variety of the Jacobian J(C). If g(C) > 2, then K is a
singular set

(2.19) K = Sing M ¢(2,0).
If g(2) = 2, then
(2.20) Mo(2,0) = P3.
REMARK. Let us remark that in this case M (2, 0) as an algebraic variety
does not depend on the moduli of curve C.
We will assume from now to the end of this paragraph that C' € |dH]| is

even, that is Og(4$H) € Pic S. In that case, the expression Og(3C) makes
sense. Let us return to the restrictions map (1.8)

resc

MH(27017k> Mc(270)
(2.21) N N
Mg (2,c1,k) Mc(2,0).

THEOREM 2.1.
(1) The restriction map (2.21) extends to a map
(2.22) tesc : Mp(2,c1,k) — Mc(2,0).
(2) For every F € G(My(2,c1,k))
(2.23) resc(F) = F'Yc,

where FVV is the reflexive envelope of F.
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We would like to sketch the proof at the end of the paragraph.
Let us recall the notion of a reflexive envelope. Consider for a sheaf F' on S
the dual sheaf F¥ = Homo, (F, Og). Then the sheaf FVV is called the reflexive

envelope of F, because there exists the canonical homomorphism F ——» FYV
which can be completed to an exact sequence

(2.24) 0 — T(F) — F =5 YWY — O(F) — 0,

where T'(F) is a torsion of F', and if F is torsion-free, then T'(F) = 0 and F is
subsheaf FVV.

The sheaf C(F) is called the cotorsion sheaf of F. If C(F) = 0, then a
torsion-free sheaf is called a reflevive sheaf. It is easy to see that F'VV is a
reflexive sheaf and for any smooth surface

(2.25) F =FY <= F is locally free.

The cotorsion sheaf C'(F') is an Artinian sheaf, that is a sheaf with 0-dimensional
support. Moreover,

(1) F is H-stable <= FVV is H-stable;
(2)
(2.26) c1l(F) = (FYY);

(3) ea(F) = co(FVY) + tk HO(C/(F)).

For the investigation of the extension of the restriction map it is very useful to
divide the geometrical points of the corona (2.1) into two parts:

G*(Mg(2,c1,k)) ={F € G(Mu(2,c1,k)) | F is H-stable} ,
G*(My(2,¢1,k)) =
={F € G(Mg(2,c1,k))| F is H-semistable but not stable} ,
G*(Mu(2,¢1,k)) UG (Mu(2,c1,k)) = G(Mu(2,c1, k)) .

(2.27)

We have two simple corollaries of Theorem 2.1:
Proposition 2.1.

ﬁc(GS(MH(Q, c1, k))) C U I‘eSC(MH(Q, C1, If/)) C Mc(2, 0)
k' <k

We can see that the boundary of the image of the stable part of the corona
is stratified by the subset of resc (Mg (2,¢1,k')), k' < k, and by Theorem 1.1
the restriction map is an embedding for such Mg (2, ¢1, k).

Proposition 2.2. te5¢(G**(Mp(2,c1,k))) is a finite subset of the Kummer
variety (2.18).
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PROOF. By (2.27) we have
F e G*(My(2,c1,k)) < FYY € G**(My(2,c1,c2(FVY))).

Furthermore, let Og(D) C FYY be a line subbundle with intersection number
D - H = 0. Then we have the exact sequence

0 — Os(D) — FYY ——+ J: ® Og(c; — D) — 0,
where J¢ is an ideal sheaf of the 0-dimensional subscheme § of S. From this
K =cy(FYY) =degé +c¢; - D — D>
Hence
k>k >c-D-D

Now, D C H* C Pic g, where H* is the orthogonal sublattice to H of Pic S.
By the Hodge index theorem the intersection form on H-' is negative definite.
From this it is easy to see that there exists a finite number such of such divisor
classes. Now, by Theorem 2.1 (2.23)

(2.28) e (F) = Oc(D.C) & Os(~D.C),

and we are done. [J

Furthermore, we can see that Tés¢ is not an embedding on the corona,
because one forgets the cotorsion sheaf and the canonical epimorphism of its
reflexive envelope to the cotorsion sheaf.

Let us return to Proposition 2.1. In M¢(2,{c1}) consider the configuration

(2:29) Mces(2,e1,k) = | reseMp(2,¢1, k') € Mc(2,{e1}).

k'<k
This is a complete subvariety, perhaps apart from a set of points. Consider the
numbers

(2.30) pecs(2,c¢1,k) = number of irreducible components of Meocs(2, ¢1, k).

This number and the whole configuration are very interesting invariants of the
pair C C S.
Now, let

Micfr o(2,01,k) be { irreducible components of Mccs(2,c1, k)}
C » €1,

containing res(Mu (2, c1,k))

2.31
@30 ppen 2.00.k)

b connected components of Mccs(2,c1, k)
e
containing res(Mg (2, 1, k))

,uiércs(Z, c1,k) = anumber irreducible components Mgrcs,

and so on.
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Consider some partial cases of the general situation:
Example. Artamkin component. Let us recall that torsion-free sheaf
F'is a quasibundle if

d
(2.32) C(F)=0¢ = & O,

i=1

is the structure sheaf of a 0-dimensional subscheme without nilpotents. A
quasibundle F' quasitrivial, if

(2.33) FW=V®0s, V=C%.

The canonical epimorphism (see (2.24))
% ¢ d
(2.34) F'W=V®0s — O = & Dy, =C(F)
i=1

is the sum of the local epimorphisms V ® Og i, O,, defined uniquely by the
line ker ¢;. Hence a quasitrivial F is defined uniquely by a cycle £ = Z Di in

the direct product S x P(V') where p; = (p;, ker ¢;) up to the action Aut]P’(V)
PGL(V). Thus the moduli space of quasitrivial sheaves with ¢ = d is

(2.35) MQT(d) = £4\(S x P(V))¢/PGL(V),

where 34 is the symmetric group permuting the factors of the direct product.
There is
ARTAMKIN’S THEOREM.[1]

(1) For a general quasitrivial sheaf F' the local universal deformation exists
if co(F') > max(3, 3py).

(2) The general sheaf of the universal deformation of a general quasitrivial
sheaf of tk 2 with ¢ > 3py(S) is locally free (py(S) = h*0(S) is the
geometric genus of S).

(3) The general sheaf in the numerical deformation of a general quasitrivial
sheaf F' is H-stable with respect to any polarization H.

From this we have the natural
Definition. A component

M#(2,0,k) € My (2,0,k) ,

whose corona GM §(2,07 k) contains a general quasitrivial sheaf, is called an
Artamkin component.
The component M Q (2,0, k) is unique, because for a general quasitrivial F’

Ext?(F, F) = Ext*(O) = p,
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and F is a smooth point of M (2,0,k), so F cannot lie in the intersection of
2 such components.

(236) dim Mﬁ(Qvoa k) = 462 - 3(pg + 1)

Furthemore, the Artamkin component M j;‘ (2,0, k) has a nice property
Proposition 2.3. [1]

(1) For any polarization H' € Vt(S) (1.4) there exists a Zariski open set
Mf,’H, of M#(2,0,k), the corresponding bundles of which are H'-stable
bundles.

(2) Mf}yH/ is invariant with respect to the action of the group of birational
automorphism of S.

Thus, a general vector bundle of the Artamkin component is absolutely
stable and we have the very important
Question. Does the intersection

(| Miw
H'eV+(S)

containing an open set of Mi3(2,0, k) in Zariski topology (in the complex topol-
9

Ogy)I‘; is easy to see that in the situation of Theorem 1.1 for the Artamkin

component M*4(2,0, k) we have

(2.37) 5o (G(M#(2,0,k))) D resc(M§(2,0,k —1)).

Hence, if for our surface S

(2.38) M (2,0,k) = M#(2,0,k)

(it is true, for example, for the projective plane P?), then the number (2.30)

pocs(2,0,k) =1

and we have the simplest configuration for Mocg(2,0,k) C Mc(2,0) (see
(2.29)):

Sing Fesc (M (2,0, k) = 7S¢ (Mg (2,0,k — 1) ,
(2.39) Sing SingTesc (Mg (2,0, k) = Sing 65 (M 3(2,0,k — 1)) =
= resc (M5 (2,0,k — 2)) |
where Sing M is a set of singular points of M. From (2.36) we can see that

(2.40) dim M§(2,0,k) — dim M#(2,0,k—1) =4
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and we have Sing-filtration

(2.41) SingTesc (M (2,0,k)) S SingTese (M iy (2,0,k — 1)) O
D Sing@c(ﬂfl(z,o,k -2))D .-

of relative codimension 4. This filtration gives us the sequence of numbers

the multiplicity of a general singular point of

/
(2.42) vecs(k) Sing Tesc (Mﬁ(z 0,k + 1))
for ¥/ < k—1.

Question. Compute this sequence for P2.

In the general case we have only the MZL (2,0,k) which it is another
compactification of Mg (2,0, k) and we shall call it a compactification of dense
packing. It is an analogue of the Satake-compactification of the moduli spaces
of abelian varieties.

SKETCH OF THE PROOF OF THEOREM 2.1. We prove the assertion 1) by
comparing the construction of Gieseker’s compactification (2.2) - (2.11) with
the construction of the theory of deformations of pairs (C, E) of Gieseker—
Morrison (see [10]), where C is a curve and F a vector bundle on C. We
can identify the tensors of the first (see (2.6)) and second construction (see
[10]), because we can assume that H°(E) = H°(E|¢) passing if necessary to a
multiple of C.

To prove the assertion 2) of the Theorem 2.1 we need some homological
algebra from §2 of [1] to describe the relations between functor Tor (for re-
strictions) and functor Ext (for the operation YV on the sheaves).

§ 3 The projective space of conformal blocks.

The structure of the moduli space M(2,0) of stable vector bundles of rk 2
with trivial determinant has been intensively studied. First of all, for every
E € Mc(2,0) there exists a representation of the fundamental group m (C)

(3.1) pim(C) —= (2,C)
such that
(3.2) E=U xC?/m(0),

where U is the universal covering of C' and for v € C, z € U and g € m(C)

(3.3) 9(z,v) = (9(2), p(g) (v))-
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Moreover, there exists a unique conjugacy class of unitary irreducible represen-
tations (see [16]). Thus we can construct a topological model of M¢(2,0).

Let g(C) be the genus of C, SU(2)?9 be the product of 2g copies of the
unitary group SU(2) and the map

£, SU2)% — SU(2)

(3.4) 9(0)
fg(A17Bl7"'aAgaBg): H[Ai7Bi]7 AlaBZESU(Q)v

i=1

where [A, B] = ABA='B~!, is the "product of commutators” map. The group
SU(2) acts on SU(2)%9 conjugating the components: for g € SU(2)

(35) g(Ah Blv e »Aga Bg) = (gAlg_lagBlg_lv e nggg_lvngg_l)a

and the center of SU(2) acts trivially.
Now, consider the open subset SU(2)Z? of SU(2)29containing a collection

of matrices
(A1,Bs, ... , Ay, By)

without a common eigenvector. Then
(3.6) Me(2,0) ' M(2,0) = (SU@)% N £, (i) /PU(2),
and
(SU2* - SUQ2)5") < f;'(id) ,
(3.7) (SU(2)* — SU(2)5)/PU(2) = Hom(m: (C), U(1))/{=1d} =
= (U(1)*/{&id} = K

is the Kummer surface of J(C).
Hence, topologically the compactification (2.18) is

(3.8) M(2,0) = f;'(id) /PU(2).
It is easy to see (see for example [17]) that
(3.9) H?*(M(2,0),Z) = Z.

The holomorphic structure on C' defines on M (2, 0) the structure of an algebraic
variety Mc(2,0) with Pic Mc(2,0) = Z and compactification (2.18). About
the geometry of M (2,0) we do not know so much:

(1) Mc(2,0) is a Gorenstein variety satisfying the condition (2.19);
(2)
(3.10) Pic M¢(2,0) = Z;
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(3) if g > 3, then M(2,0) determines the curve C' uniquely.

REMARK. For {c1} odd, Mc(2,{c1}) is a complete and smooth algebraic
variety.
We can compute a positive generator Lo of Pic M¢(2,0) in different ways.
We need all of them.
1) Let Jy_1(C) be the variety of divisor classes of degree g — 1 on C' and
1

1 1
K¢ € Jy1(C) such that (K2)®* = K¢ is the canonical class and consider the
subset of M (2,0)

(3.11) A= {E € Mc(2,0)h°(E @ K2) > 0}.
Then
(3.12) Osto20)(A) = Lo.

1
2) The line bundle K@ defines a spinor structure on C (see [2]). The
holomorphic structure on E € M (2,0) defines a unique gauge class of unitary
antiautodual connections on Ei.,. Let 0 be the selfadjoint Dirac operator

acting on the sections of £ @Ké Then the index of Jp is zero and we can
define the line bundle Ly on M (2, 0) with the fibre over E € M(2,0)

(3.13) (Lo)p = (det ind9p)~! = AWHO(E @ K2) ® (A" HY(E® K2)~1)

(recall that EY = E in our case).

3) Consider the fantastic situation (not real life).

Suppose that on C'x M¢(2,0) there exists a universal family, that is a vector
bundle € on C' x M¢(2,0) such that for every [E] € M¢(2,0)

(3.14) QE\CX[E] =F.
Consider the second Chern class
(3.15) c2(€) € HY(C x M¢(2,0),7Z)

and the (2,2) Kiinneth component 022’2) (&) of co(€). Then it is easy to see that
for every line bundle L on M¢(2,0)
(3.16) 22 (e @ pri,L) = 2P (@),
Indeed, c2(€ @ pri, L) = c2(€) + c1(€) - e1(L) + 3 (L). But ¢1(€) = pri, Ly,
L, € Pic M¢(2,0) because det E is trivial. Hence c1(€) - ¢;(L) + ¢2(L) has
Kinneth type (0,4).

Now,

(3.17) (€)= [C] ® e1(Lo),
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where [C] is the fundamental class of C' (as 2-manifold). However, in real
life there is no universal bundle on the direct product C' x M¢g(2,0), and
one must use the following ”covering trick”. There exists a double cover

¢ : Mc(2,0) — Mc(2,0) such that on C' x Mg (2,0) a ”universal family” &

exists and
(3.17) (€)= [C] ® ¢* (1 (Lo)).-

Let us use the following notation for the positive generator of Pic Mx(2,0):
Ly as line bundle and A as divisor (see (3.11)). Consider the complete linear
system |A| = PH?(Lg) on Mg(2,0).

The space of the global sections of Ly is called the space of conformal blocks
(see [11]). Define

(3.18) He = HO(Ly).

The direct construction gives us an isomorphism

(3.19) He = H°(J(C),0(20)),
where © is the theta-divisor of the Jacobian J(C). Hence
(3.20) rk Heo = 299,

BEAUVILLE’S THEOREM. [4] The linear system |A| on Mc(2,0) is base
point free and defines a morphism

(3.21) fo: Mc(2,0) — PHc,

which is finite and deg fo = 1 if C is not hyperelliptic and 2 otherwise.

We see that the situation for the pair (M¢(2,0),A) is very similar to the
theory of theta-functions of second order on J(C') and what is more, we can
"extend” theta-functions of second order to M (2, 0).

Tt is useful to consider instead of the moduli space M¢(2,0) of vector bun-
dles with trivial determinant the moduli space M¢(2, K¢) of vector bundles
with the canonical class K¢ as determinant. Of course, as variety M¢(2,0) is
isomorphic to M (2, K¢) by tensor-multiplying the vector bundles by K é

For any vector bundle E € M (2, K¢) consider the following subvariety of
the Jacobian J(C):

(3.22) §(E)={L € JC)|h°(E® L) > 0}.

It is easy to see that 6(FE) is a divisor of the complete linear system 20| on
J(C), where © is the theta-divisor defining the principal polarization of J(C').
Moreover, if E =L & LY € Sing M¢(2,K¢) = K (see (2.18)), then

(3.23) S(LeLY)=0L+0L € |20],
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where
(3.24) Op = {L' € J(C)hO (K2 ® L® L) > 0}.
Thus we have a map

0:J(C) |20,

K
which identifies a point with (-point) on J(C'). This map extends to a map

0: Mc(?,Kc) — |2®|
But the complete linear system |20| defines the standard map
(3.25) free + J(C) — [20]",

and there exists a canonical isomorphism (3 : [20] — |20]" such that the
diagram

26|

20
is commutative (see [14]), which can be extended to the diagram
26]

s

(3.27) J(C) % K =Sing M¢(2,0) > Mc(2,0)

where ¢ is standard (2-1) covering (2.18).
Now let us return to §2 and restrict the morphism ¢:

(3.28) dofB=fo

is the morphism (3.20) defined by the complete linear system |A| on M ¢(2,0).
We have the finite map

(3.29) fo: Mocs(2,c1,k) — PHY
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(by Beauville’s Theorem) and in particular
(3.30) fo: MEEg(2,¢1,k) — PHY.

We have a morphism of degree 1 of the Gieseker-compactification M (2, ¢y, k)
(see (2.1) — (2.12)) to PHY:

51 My(2,c1,k) =% MEL(2,¢1, k) —L2 PHY

My (2,c1,k) —15 o P, .

Now, we can compare the line bundles
(3.32) L, Lu, [fécsOrny(1)

(see (2.12) — (2.15)) on My (2,c1,k).
Proposition 3.1. There exists a rational number € Q such that

(3.33) L = ¢ sO0pry (1).

PROOF. In the setup of §2 we can assume in the formulas (2.13) — (2.15)
that for C' € |2H| we have (1.8), passing if necessary to a multiple of H. We
consider the case ¢;1(E) = 0 only — the other cases can be considered by a
similar method.

Then by the adjunction formula

1 1
(3.34) Ki ® Hlc = K¢,

because C' € |2H| and
Ks® O0s(C)|c = Kc.

For every vector bundle E € My (2, c1, k) we tensor the short exact sequence
00— K}@HY —+ KZQH — K2 — 0
by E to give
(335) 0—> E@K}@HY —» EQKSZ®H — Elc® K& — 0.
The corresponding long exact sequence is
00—+ H(EQK}@HY) —» H(E® K2 ®H) —

1
— H'(Elc @ K&) — ...

If we consider each cohomology space of this sequence as the fibre over the point
E € Mg (2,0,k) of a vector bundle on Mg (2,0, k), then the multiplicativity of
determinants of vector bundles in an exact sequence gives the equation

(3.36) Lo|ay 2,00 = L,
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where Lg is the vector bundle (3.12), Ly is the vector bundle (2.14), and we
are done. [

Let us return to the finite morphism (3.30) and the space of conformal
blocks (3.17) — (3.26). The name comes from conformal quantum field theory
(see, for example, [20]). Omne of the main results of this theory is that the
projectivization of this space is almost independent of the curve C. More
precisely:

THEOREM 3.1. On the vector bundle € over the Teichmiiller space T, of
marked curves with fibre

(3.37) ¢l =Ho

over C € T, there exists a canonical projective flat connection.

This means that we have a canonical way of identifying the projective spaces
PHY and PHY,, if the curve C” is in a small neighborhood of C.

There are at least three methods to prove this theorem. A more geometri-
cal way is Hitchin’s method from his preprint ”Flat connection and geometric
quantization” (see [11]). At the heart of his construction lies the "heat equa-
tion” relating the linear variation of the holomorphic structure on C with the
quadratic form on the cotangent bundles TV M¢c(2,0) that is the symmetric
tensor

(3.38) G € H°(S*TMc(2,0),

which is defined over a point E € M¢(2,0) by the usual cup-product:
(T) @H(ad E ® K¢) — H'(ad E)

(3.39) H

C TEMC(Qvo) TEMC(270)

(see [11]).

Now, if in the projective space |C| we consider a little open ball B with the
center Cy not containing singular curves, then for every C' C B the projective
spaces PH¢ and PH¢, can be identified by the projective connection.

Thus, we have the family of morphisms (3.29)

(340) focs : MH(2, c1, k’) —_— PHV, CceB

in the same projective space of dimension 29(¢) — 1.
CONJECTURE 3.1. focs(Mpu(2,c1,k)) does not depend on C € B.
Of course this conjecture is true if the restriction map

resc

(3.41)  H°(Mc(2,0), f5Opv (1)) — H(Mp(2,c1,k), focsOerv (1))

is an isomorphism.



200 The moduli spaces of vector bundles. ..

But a priori we may obtain a kernel of rk k£ and cokernel of rk ¢ and a
nontrivial map of the complete linear system

(3.42) 0] 2% Gr (k29 — [k~ of) x Gr (¢,20(9))

into the direct product of Grassmanians.

But even if the restriction map (3.41) is not an isomorphism, the Conjecture
may be true. Indeed, this is a question about the flat projective connection
on the vector bundle € over the Teichmiiller space T}, (see (3.36)) restricted to
the image of the family |C| of marked curves from |C| on S. This connection
may be reducible and the invariant subspace is the image the restriction map
(3.41).

This is a question about the geometrical structure of the tensor G (3.38) and
at the end of this paragraph we will give a sketch of the geometric constructions.

Now, even if resc (3.41) is not an isomorphism, but the dimension of
My (2,0, K) is "right”, that is

dim My (2,0,k) = 4k — 3(py + 1)

(see (2.36)), then we have the constant

(3.43) Y€)= deg focs(Mu(2,0,k)),

which is independent of C € |C] of course. (We will give the explanation for
the strange notation d(k) = 4k — 3(py + 1) in the next paragraph.)

What can we say about this constant? A priori, if we do not know the
configuration Mccs(2,0, k), then we can say nothing. But if the configuration
is simplest as in the case (2.37) and the restriction map (3.41) is an isomorphism
for all ¥’ < k, then we have the inequality

(3.44) YeB(C) 2 %) vecs ()

for every k' < k, where vocg is the multiplicity of a general singular point
of
Sing Tesc(M (2,0, k" +1))(2.42) .

After that we have the trivial inequality

V(Y 4 ak—3(p,+1) > 99(C)
deg focs(M) dim fecg(M) dim PHY + 1

Before the end of this paragraph, we consider the question of restricting the
projective connection on & over T, (3.36) to the family |C| of marked curves
from |C| and the conditions of the "heat equation” (3.38) on |C| and E of the
type E|c, where E is a vector bundle on S.
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For the variation of curve C in the complete linear system |C| the tangent
space to |C] = P™ in a point C' € P" is

(3.46) Tc|C| = H(Neocs) = HY(0c(C?)),

where N¢ocg is the normal bundle of C in S.
The differential of the moduli map for curves on S is the coboundary ho-
momorphism

(3.47) H(Necs) —— HNTC) = H'(KY)

of the short exact sequence

(3.48) 0 — TC — TS|c — Ngcs — 0.

This extension is defined by a cocycle

(3.49) e€ HY(NYcs @ TC) = HY (K ® Oc(—C?)),

and the coboundary homomorphism § (3.47) is defined by the cup-product
(3.50) HY (KS®O0c(—0?)) 3 e® H(Oc(C?) — HY(KY).
Hence, the hypernet of the quadratic form (3.38) is in our case

HY(0Oc(C?)®e® H(ad E ® K¢) — H'(ad E)

(8:51) e € HY(KY ® Oc(—C?)).

We consider the case, where S is a 3-surface and the vector bundle is the
restriction F|c of an H-stable vector bundle E on S. In that case we have
TVS =TS, Oc(—C?) = K, and the cocycle e € H'(K;?) (3.49) is the dual
of the image of the Wahl-map for the curve C (see [5]).

Now, we can extend (3.49) by the diagram (0.19) to

(f 0
H'(ad E) H'(ad E)
(3.52) H(K¢o) ®e€ HY(K;?) ®@H (ad E|c ® K¢) — H'(ad E|¢)

| | |

H°(0s(C)®H*(0s(-20))® H"@ad E(C)) — H?*(ad E(-C))

T

0 0
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where we assume H!(ad E(C)) = 0, that is, we have the second case of (0.20).
But H'(Og(2S)) = 0. Using this, we can say

Proposition 3.1. For every smooth curve C' € |C| and E € My (2,0,k)
every quadratic of the hypernet (3.51) for E|c: is vanishing on the space of the
extendible Higgs field (see the Definition 0.1).

This is the ”infinitesimal part” of the proof of Conjecture 3.1, if we are in
the case of K3-surfaces.

§ 4 The constants.

In this paragraph we consider the question of computing the constant (3.43)
which is independent of the moduli of the curve C. Thus vg(k)(C ) is a function
of the homology class of C' and of the surface S. Indeed, if p, > 0 (or S = P?)
and d(k) > 3p,+3, it is a function of the smooth structure of S. An explanation
of this situation will be given below.

Let S be considering as a smooth simply connected four-dimensional man-
ifold with an intersection form

(4.1) s € S?H*(S,7)

of rank by (the second Betti number of S) and of index I = b3 — b, .
Recall that by the Hodge-index theorem

(4.2) by =2p, +1,

where p, is the geometric genus of S.

The intersection form ¢gg (4.1) is unimodular and defined uniquely by its
rank, its index and its parity, that is the form is even iff gs(o) is even for
o € H*(S,Z) (by the Poincaré duality we can identify H?(S,Z) with Hy(S,Z))
and ¢g is odd in the other case. The form ¢g defines the homotopy type of S.

S. Donaldson (see [6]) recently defined on H»(S,Z) a series of homogenous
integer-valued polynomials

(4.3) vd e STH?(S,7)

of degree d indexed by the elements of an arithmetical progression
(4.4) d(k) =4k — 3py — 3

starting from the smallest dj satisfying the inequality

(4.5) do > 3pg + 3.

These polynomials are called Donaldson polynomials; they generalise the degree
2 polynomial qg. But whereas ¢g is a homotopy invariant of the 4-manifold S,
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the Donaldson polynomials v¢ are only invariants of the smooth structure if
pg = 1or S =P

For the definition we consider an ideal situation (non real-life). Let H
be a polarization of S, that is H € V*(S). Suppose the moduli space M =
Mp (2,0, k) of H-stable 2-vector bundles of S with Chern-classes ¢; =0, co = k
is compact, smooth and of the right dimension:

(4.6) dime¢ M = d(k) = 4k — 3(py + 1) = 5 dim g M.

Then on the lattice H?(M,Z) one has the homogeneous intersection form of
degree d

(4.7) qM(w):/Mw/\n-/\w.

d times

Suppose a universal bundle € exists on S x M. Then the (2,2)-Kiinneth-
component of the second Chern-class

(4.8) (€)Y ¢ H%(S,7) © H*(M,7)
can be interpreted as a homomorphism
(4.9) c: H*(S,Z) — H*(M,Z),

which we call homological correspondence. It induces on Ha(S,Z) the homoge-
neous form of degree d

Wd = C*(QM),

(4.10) (o) = qur(c(0)).

This is the Donaldson polynomial of degree d(k), the complex dimension of M
(see (4.6)). The class co(€) is algebraic, hence 2 is a class of Hodge-type
(2.2) and hence the homological correspondence (4.9) preserves the Hodge-
decomposition.

But real life is more complicated:

(1) The existence of M is a very hard problem.
(2) M is not compact.
(3) The universal bundle does not exist and so on.

However, if following Donaldson, we solve these technical problems, then
we obtain the collection of polynomials which for p, > 0 or S = P? are the
invariants of the differentiable structure of S, not the homotopical one.

It is easy to see that the restriction ’ng|v+(5) defines vZ|pic s-

How can v¢(H) for H € V*(S) be computed?
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The polynomial yg is homogenous, hence we can pass, if necessary, to a
multiple of H. Then by definition for C € [NH| with N big

(4.11) v (C) = deg focs(Mu(2,0,k))

(see (3.43)). What do we know about these constants?

First of all, they are positive and hence non vanishing. We can compute
them by the following method. Consider a curve C; € |C| and some point
p; € PH and the hyperplane p; in PHY. Then we have the divisor

(4.12) D; = fgilcs(fCiCS(MH(Qv 0,k) Npi))

of My(2,0,k). Choose d(k) = dim Mpy(2,0,k) of such divisors {D;},

t=1,...,d(k). It is easy to see that if we take the collection of these curves
d(k)

{C;} and points {p;} in general position, then the intersection () D; is the
i=1

finite set of points of multiplicity 1 and

d(k)
(4.13) () Di € Mu(2,0.k),
i=1

that is, the points of the intersection are not contained in the corona. Hence

(k)
(4.14) # () D =74 (0).

i=1

REMARK. The assertion about the general position is easy to see, indeed,
but it is not trivial (see for example the formulas (4.23) — (4.26) and inequality
(4.27) from [19]).

We can take 1the points p; € PH in the following way. Consider a theta-

characteristic K2 on C; and the divisor on Mc;,(2,0):

1
(4.15) A; ={E € Mc,(2,0)|h°(E ® K& ) > 0}.
Then A; defines the hyperplane p; such that

(4.16) A; = Mg, (2,0) N ;.

Now, we take this construction as the definition of ’yg(k)(C’) (Donaldson in [6]
does it similarly). We gain the possibility to consider curves of small genus,
too. Working with elliptic and rational curves in the special case of K3-surface,
it is possible to compute constants (4.11).

First of all for K3-surface we have that

d(k) =4k — 6
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is even and it is convenient to consider the number

(4.17) n(k) = Ld(k) = 2k — 3.

1
2

Then one has the
THEOREM OF FRIEDMAN-MORGAN. ([8]) For a K3-surface S

(4.18) YeM(C) = (g(C) = 1)"®) ... %f)).)'

(Independently this constant has been determined by 0. Grady.)
The simplest surface of course is P? and the simplest curve in P? is a line
P!. In that case

(4.19) s 2 (0) = cr(deg O)F 2,

where ¢ is an absolute constant, an invariant of the natural differentiable
structure of P2 (over C). To compute these constants it is convenient to use
the definition (4.15) for a smallest curve that is a line on P2,

Denote

(4.20) M(k) = My (2,0, k)

(we can omit the subscript H, because the polarization of P? is unique). On
every line [ C P2, there exists a unique theta-characteristic

(4.21) K}? = 0y(-1).
Hence the divisor (4.12) is
(4.22) Dy ={E € M(k)|h°(E), ® O;(-1)) > 0}

by (4.15).
For a generic line { in P? the restriction

(4.23) E;=0®0,

is trivial. If
E|; = Oi(d) ® O)(—d), |d| >0,

then [ is called a jumping line (see [3]).
For every E € M (k) the set of jumping lines

(4.24) C(E) = {l e P?|h°(E|,(-1)) > 0}
is a curve of degree k. Hence we have a morphism

(4.25) M(k) —2~ |kh),



206 The moduli spaces of vector bundles. ..

where h is a line in the dual plane P2. This is a finite map and the preimage
of a smooth curve C is

(4.26) 57YC) = {KZ € Pic C|hO(K2) = 0}

It is the set of non-vanishing theta-characteristics of C' (see [3]). The closure
Jj(M(k)) provides a new compactification of M (k) (it is easy to see that for a
general quasitrivial sheaf F' the curve of jumping lines is

(4.27) C(F) = Uﬁu

k
where @ O, is the cotorsion sheaf of F' (see (2.32)). From this it is easy to
i=1
see that this compactification is distinguished from the dense packing one. Let
(k+1)2(k+2) 1

(4.28) By = j(M(k)) C |kh| = P

be the closure of the set of curves of jumping lines of stable 2-vector bundles
with ¢y = k on P2. Consider the map

M(k) —2+ By C |kh].

It is not hard to prove that, for k£ big, degj = 1. Now, we can see that the
constant ¢ (4.19) is

(4.30) cr = deg By, - deg j.
EXAMPLES.
(1) ¢ = 1. In that case the map j (4.25) is an embedding.
(2) 3 =3 (see the end of [3]). In that case

(4.31) Bs = |3h|, degj=3.

We consider the first non-trivial case ¢4 in detail below.

Now, consider Barth’s interpretation of M (k) (see [3]). Let H be a vector
space of rk k and ’P,? be the ”quantum projective plane” of triples of symmetric
matrices

(4.32)
'P2 . {(Al,A27A3) } Az € SQI'IV7 3(A1,)\2,>\3) € (CS : det(z AlAl) 7é 0}
L=

GL(H)

where GL(H) acts on (A, As, Az) by similarity transformation:
(4.33)
9(A1, Az, As) = (9A19", gA29", gAsg"), g€ GL(H), g” € GL(H") .
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There exists a map of the k-quantum projective plane
(4.34) P2 I |k,

where h is a line in the projective plane Pi\l Ao Aa) with projective coordinates
(A1, A2, Ag) and the curve of degree k  j,(A1, As, A3) is defined by equation

(435) det()\lAl + )\2142 + )\3143) =0

This map is onto and for a generic smooth curve C € |kh|
(4.36) jHC) = 26(@-D) (2g<0) + 1) ,

the number of nonvanishing theta-characteristics, i.e., the number of even

1
theta-characteristics { K2} in the generic case.
In his article [3] Barth defines an embedding

M(k) —2» P2,

which can be extended to a commutative diagram
% ’Pk
(437) \ /
|k

and describes the image of b by equations for the triples (A;, As, A3) of sym-
metric matrices.
Let A%Y be the adjoint matrix of Ay. If det A; # 0, then

(4.38) A — AT det A;.
Barth defines a rational map of the k-quantum plane

2 kom 217V
(4.39) Pi — BPAHT,
kom(Al, AQ, Ag) = AQAl ‘]A3 - A3A1 JAQ.
This map blows down the hyperplane
(4.40) Dy = {det A; =0} C P?

to the Grassmannian
G(2,H) C PA’HY,

and b(M(k)) is a component of the preimage

(4.41) kom ™ ' (G(2, H)) — D,



208 The moduli spaces of vector bundles. ..

(see [3]). Using the diagram

P
U

(4.42) PAZHY b(M(k)) |kh|
U~ xU
G(2,H) By,

we can compute (following an idea of Tichomirow) the first non-trivial constant
cq (4.24) — (4.30).

Example. The divisor of Liiroth quartics.

It is easy to see that

(4.43) By C |4h| =P
is a hypersurface and Barth proved in [3] that By is a closure of the set of
Liiroth quartics. For the definition of it take

(1) a smooth conic @ on P2,

(2
(3
(
(

) 5 points on Q: p1,...,ps,
)

4) all the points of intersections {l; N{;}.
)

5 tangent lines at the points: lq,...,l5,

5) Move the 5 points on @ in a linear pencil, then the 10 points of intersec-
tions of tangent lines sweep out a curve of degree 4. This is by definition

a Liroth-quartic.

The set of Liiroth-quartics in |4h| = P'* is a hypersurface (the conics give
5 parameters, the pencils P! C P® of degree 5 give dim G(2,6) = 8 parameters
and we have 5 + 8 = 14 — 1).

It is easy to see that a form f of degree 4 defines a Liiroth quartic iff there

are 5 linear forms L1, ..., Ls € P? such that
5

(4.44) f:ZLl...LiV...L5,
i=1

where the sign ¥ over L means omitting the linear form.
Denote the hypersurface of Liiroth quartics by

(4.45) Dy, C |4k|.

It is invariant under the action of PGL(3,C). On the other hand, in |4h| there
is an other PGL(3, C)-invariant hypersurface

(4.46) D¢ C |4h]
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of Clebsch-quartics.
A form f of degree 4 defines a Clebsch quartic iff there are 5 linear forms
Li,...,Ls € P? such that

5
(4.47) f=>Y L.
i=1

In 1865 Clebsch proved (see [12])

CLEBSCH’S THEOREM. Let V = C3, PV = P2 and f € S*VV a homogenous
form of degree 4. Consider f as a homomorphism

(4.48) sy L. g2V,
Then fe€Do <= detf=0.

From this it is clear that
(4.49) degDc = 6.

Now, in 1868 Liiroth (see [12]) constructed a rational map

(4.50) ¢ : |4h| — |4h|
such that
(4.51) #(Dc) =Dy,

and ¢ is (3, C)-equivariant.

The definition of ¢ is a nice exercise from Symbolic Calculus:

1) Let f € S*VV be a form of degree 4 and (zy,r2,z3) coordinates in V.
Then we have

(4.52) f= Z (j) Ay,

where the symbols are the usual symbols of symbolic calculus:

b = (21.179.1 4 — 4! i 01,02 .93
1= (1177'27'53)a N TR = =2 Ty T3 .
3 11:12:13°

2) Consider the formal system of equations

(4.53) f=at=0t=cl=d?,
where
a; = a1T1+ asT2 + asxs
(4 54> bac = blxl + bgl‘g + b3£€3
’ Ce = €121+ caxo + c3x3

dy = dizy+daxy + d3xs,
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and consider the system of formal symbols:
Qi _ alil aéz ags
with the unique condition:

if il + i2 + ’L3 = 47 then Qz = Ai (452)

(4.55) (if 4y +ig +i3#4, then a® has no meaning).

3) Let the symbol

a; a2 as
(456) (abc) = b1 b2 b3
C1 C2 C3
be the determinant. Similarly define (abd), (acd), . ... At last we can define the
equivariant rational map (4.45):
4) For a form f (4.52)
(4.57) o(f) = (abc)(abd)(acd)(bed)a by cpd, .

This means that if we decompose determinants, multiply ones and substitute
at = bt =ct=d" = A; (see (4.52) and (4.55)), we obtain the new form ¢(f).

It is easy to see that the linear system with base conditions which give the
map ¢ is

(4.58) [4H - B,

where H is a the hyperplane in |4h| = P4,
By Liiroth theorem ([12] (and it easy to see from (4.57)) every Clebsch
quartic is transformed to a Liiroth quartic. Hence

(4.59) 6 < degDy, < 6- 4.

However, the number on the right hand side is too big. From Barth’s diagram
(4.42) we can prove

Proposition 4.1. deg Dy, = 54.

Sketch of proof. (The idea of the proof is due to A.S. Tichomirow.) First
of all, we must define on our k-quantum plane (4.32) a family of lines.

Consider a projective line P} ) with homogenous coordinates (to,t1) as a

(to,t1
family of triples of symmetric matrices

(4.60) (toAl + t1A/1, toAs + t1A/2, toAsz + t1Aé).

If the triples (A1, A2, A3) and (A}, Ab, A%) are in general position, then the
image ]P’%tn t) in P? is called a quantum line [ on P3.
REMARK. In contrast to a natural line on P? a quantum line may be

degenerated.
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Lifting to the set of triples of matrices (S2H")3, one can prove that with
respect to the projection j, (4.42) we have an equation of homology classes

(4.61) Jo (Jv)+ (1) = deg jp - 1

(this is not trivial, because a quantum plane is a singular variety and we have
to be careful).
It is easy to see that for the two projections of the diagram (4.42)

(4.62) degjp(1) =k, degkom(l)=k+1

(see (4.34) and (4.39)).
Now, in the case k = 4, we can prove that in (4.41) we have the equality

(4.63) kom ™ (G(2,4)) = D; Ub(M(4)),

that is, there are no false components. We will consider subvarieties as as
homology classes below. Then for the quantum line [ we have by the projection
formula:

(4.64) [D1+b(M(4))] -1 =kom"(G(2,4)) -1 =G(2,4).kom(l) =2-5=10
(see (4.62)). Now, by the projection formula and (4.62)

(4.65) Dy-1=ji(H)- 1= H-jy(l) = 4,

where H is the class of hyperplanes in |4h|. Hence

(4.66) b(M(4))-1=6.

By the projection formula, the constant c4 is

ey = deg By = ()« (M(4)) - 155(1) = M(4) - 55 (3 ()« (1))
=b(M(4)) - 98] = 9. p(M(4)) -1 = 54,

and we are done.
The next step would be computing the degree of the set of Darboux quintics
in |5h| (see [3]) and so on.
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Introduction.

One of the expected products of this summer school is an answer to the
following question:

What is ALGEBRAIC GEOMETRY?

(We write AG for short.) Actually this is a hard task, because everybody
already has the fixed conviction that the objects of AG are algebraic varieties.
An irreducible algebraic variety X has a dimension dim X, and this number
is usually a rough indication of the level of completeness of the geometric theory
describing it. Algebraic varieties of small dimension carry special names:

dimX =0: set of points
dimX =1: curves (Xavier Gomez-Mont’s lectures)
dimX =2: surfaces (Rick Miranda’s lectures)
dimX =3: 3-folds (Miles Reid’s lectures)

etc.

To explain how my lectures fit into this list, I would like to remark that two
algebraic varieties of different dimension can be geometrically identical. To see
this, consider the following chain of examples:

dim=0: a set of 6 distinct points on P! up to PGL(2, C) action;
dim=1: a curve of genus 2;

dim=2: a cubic surface in P? with one ordinary double point;
dim=3: a nonsingular intersection of two quadrics in P°.

The identifications between the objects in dim < 3 are absolutely obvious: the
canonical map of a curve (see Rick Miranda’s lectures [8] in this volume) of
genus 2 is a double cover of P! ramified in 6 points; considering P! as a conic in
CP?, blowing up [8] 6 points on this conic and constructing the anticanonical

216
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map [8] of the resulting surface, we get a cubic in P? with an ordinary double
point.

The threefold in our list carries the imposing full name of Fano threefold of
index 2 and degree 4; its half-anticanonical map [8] displays it as the base locus
of a pencil of quadrics in P?. The six singular quadrics of this pencil take us
back to a set of 6 distinct points on P!.

This example of a chain of identifications is of course very classical and
simple. A more recent example is Mukai’s construction [10] of an identification
of a plane quartic with a Fano variety Vas.

Slogan. An algebraic geometer is skillful enough if he or she can recognize
the geometric person under many guises of different dimensions.

My first aim is to give you some experience in this direction. But my task
is a little more complicated, because there is some new person in our game:

ALGEBRAIC VECTOR BUNDLE

In some sense this geometric object does not have any dimension (or, if you
prefer, is infinite dimensional). But in any case, we can not avoid it. Even in
our simplest chain of identifications, the intersection of two quadrics in P® is a
moduli space of stable vector bundles on the corresponding curve of genus 2.

So my second aim is to construct a simple but a new chain of geometric
identifications including a vector bundle as a geometric object.

This new chain is not quite as simple as the previous one, but it is per-
haps the simplest illustration of a new geometric observations showing that
CLASSICAL AG is a slice of much more general GEOMETRY. Namely, some
time ago Gromov observed that many results of ENUMERATIVE AG are true in
SYMPLECTIC GEOMETRY. But a recent observation due to Donaldson is much
more unexpected: many constants of ENUMERATIVE AG are invariants of the
underlying smooth structure of algebraic surfaces.

Thus my third aim is to explain these relations between AG and differential
geometry.

§ 1 Clebsch and Darboux curves.
Let CP? be the complex projective plane:
CP? =PT, where T =C3, so that Pic CP* =71,

where [ is a line. Then |d - I| = PS?T* is the complete linear system of curves
of degree d in CP%2. So a homogeneous polynomial ¢c € SUT* of degree d is
the equation of a curve

C ={p¢c =0} C CP?> thatis, C€ld-lI|
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It is a classical enumerative problem in invariant theory to compute the
degree deg V' of some PGL(3, C)-invariant subvariety V' C |d - I].
EXAMPLE. The discriminant hypersurface in |d - [|:

Vsing = {C € |d - 1| : SingC # &}.

This is obviously a subvariety of |d - I| invariant under PGL(3,C), and an easy
calculation shows that
deg Vaing = 3+ (d — 1)

Now, a curve in CPP? which splits completely as a union of lines
(2.1) A, = U l;
i=1

is called a polygon or an r-gon. In §4 we will define an r-gon to be regular if
all its sides /; and all its vertices I; N [; are distinct. Let P, C |d - I| be the
subvariety of all r-gons.

USEFUL EXERCISE. What is deg P, 7

Definition 2.1. We say that a curve C' circumscribes a regular r-gon A,
if for every pair (4, j) the vertex (= intersection of sides) I; N1; € C.

Let

(2.2) MP? = {A,,Cy} C P x|d -1

be the closure of the incidence variety of pairs consisting of a regular r-gon A,
and a curve Cy of degree d circumscribing it. We have two projection maps:

MP?
(23) / N
P, |d -]
Thus the subvariety
(2:4) pe(MPY) C |d-1]

of curves of degree d circumscribing some r-gon is invariant under PGL(3, C).
PROBLEM. What is deg pc(MP?) ? More precisely, what is

(2.5) s,(d) = degpc - deg pc(MP})?

In terms of the defining equations, it is easy to see that

T

(2.6) (A,C) eMPI™! = ¢o =Y (¢a/d1)

i=1

where A = (J ;.

i=1
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Historically, the problem (2.5) is closely related to the following problem:
Definition 2.2. We say that a polygon A = |J [; is apolar to a curve C' if
i=1

1=

T

(2.7) b0 =Y (¢1.)"
i=1
Let
(2.8) MPA? = {A,,Cy} € P, x |d -]

be the space of apolar pairs of polygons and curves. We again have two pro-
jection maps

MPA?
(29) / N
P, |d -1
Thus the subvariety
(2.10) po(MPAY) C |d -]

is also invariant under PGL(3, C).
PrROBLEM. What is

(2.11) ¢r(d) = deg pc - deg po(MPAY)?

These problems were solved recently by Geir Ellingsrud and Stein Strgmme.
Using Bott’s formula, they computed the constants ¢, (d) for r < 9 and s,(r—1)
for r =6,7,8,9,10. For example, they find
(2.12) 5! c5(d) = d*® — 100d® 4 150d" + 3680d° — 10260d® — 52985d* +

+224130d% + 127344d* — 1500480d + 1664640 .

The following particular cases of the general enumerative problem will be im-
portant for us:
Definition 3.

(1) A curve C € pC(MPgH) is called a Darbouz curve.

(2) A curve C € pC(MPAZH is called a Clebsch curve.

For special reasons, Darboux curves of degree 4 are called Liroth quartics.
These names have a historical explanation. Namely it is easy to see that the
virtual (expected) dimension

(2.13) v.dimMP%,; = v.dim MPAY, | = 3d + 2.
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REMARK. This dimension is one more than the dimension of the subvariety
of rational curves of degree d.

But in 1865, Clebsch observed the following:

CLEBSCH’S THEOREM.

e The image pc(MPA3) is a hypersurface' in |4 - 1| = P,
e If C is nonsingular then C € pc(MPA3) <= pal(C’) =P
e degpc(MPA3Z) = 6.

Exactly the same facts hold for MPé, that is, for Liiroth quartics, as Liiroth
observed in 1868. But the degree of the hypersurface of Liiroth quartics was
only computed in 1918 by F. Morley [9]:

(2.14) deg pc(MP3) = 54.

This constant was reproduced in modern investigation (Tyurin, Le Potier,
Ellingsrud and Strgmme) under absolutely new motivations related to PDEs.
REMARKS.

e It follows from Clebsch’s Theorem, that the polynomial (2.12) satisfies

that is, 4 is a root of s5(d). Can you see this from the display of this
polynomial (2.12)7

e The fibres of the projection pc of the diagram (2.9) were used by S. Mukai
to describe special Fano varieties: let

pc : MPg — |4
be the right side of the diagram (2.3). Then

(i) for general C, the inverse image P5'(C) is a Fano threefold;

1) 1 = 2q 1s double nonsingular conic then P, (2q) is a compactifi-
i) if C = 2q is doubl ingul ic then P;'(2q) i ifi
cation of C3 [10].

(iii) The exact formulas of Ellingsrud and Strgmme also work when the
degree of curve is not small with respect to the number of sides of poly-
gons. More precisely, if d > r—1, S. Mukai proved that po(MPA3) = |5-1],
and that the map pc is birational. But you can see that the constant
c7(5) is negative.

Lthis is in spite of the fact that v.dim MPA} = dim [4-1| = 14
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8 2 Vector bundles on an algebraic surface and their sections.

Let me recall briefly the main constructions of sheaf theory on algebraic
surfaces. The starting point is the structure sheaf Og = O of an algebraic
surface S. For a first approach, it is enough to consider a nonsingular surface.
Thus the stalk Op of O at a point p € S is a 2-dimensional regular local ring.
Every coherent sheaf F' has a stalk Fip at each point P € S, which is a module
of finite type over Op; moreover, in a neighborhood U of any point, there is a
resolution

OF 0% Fly — 0.

Thus each sheaf F' on S defines a filtration Sy C S; C S by the homological
dimension of the stalk. If this filtration is trivial then F' is called a wvector
bundle and we will note it as E.

For a sheaf F on S the canonical homomorphism

(3.1) can : F' — Hom(Hom(F, 0),0) = F**

can be completed to a 4-term exact sequence

can

(3.2) 0— T(F) — F =% F* —+ C(F) — 0

We say that F is a torsion sheaf if F = T(F), a torsion-free sheaf if T(F) =0
and a reflexive sheaf if F = F**.

It is easy to see that on a surface, a reflerive sheaf is a vector bundle.
Moreover, for a torsion-free sheaf F', we have dim Supp C'(F) = 0; that is, in
this case C(F) is an Artinian sheaf.

A pair of sheaves I} and F5 defines three vector spaces

Ext'(Fy,F), i=0,1,2

with the usual functorial properties.
In the short exact sequence of sheaves

(+) 0—> F —> F — F| —> 0,

the sheaf F' is called an extension of F} by F5; such an extension is given by
an element e(F) in the vector space Ext! (Fy, F), so the set of classes of such
extensions has the structure of the vector space Ext! (Fy, F»). For the zero class
0 € BExt'(Fy, Fy) we have F = F} © Fb.

EXERCISES.

e Prove that on an algebraic curve C, every coherent sheaf F is a direct
sum
F=T(F)® F*.
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e Suppose that we have two extensions F and F’ of F} by Fy and Fy by Fb,
together with a homomorphism ¢ : F|{ —— F;. Then the identity map
Fy, = F5 and the given map ¢ extend to a homomorphism F/ — F if
and only if the homomorphism

¢ : Ext'(Fy, Fy) — Ext!(F/, Fy)
induced by ¢ satisfies

(3-3) $(e(F)) = e(F).

Of course, we would prefer to work only with vector bundles, which is
enough for working over algebraic curves. But over algebraic surfaces, it is
absolutely necessary to use torsion-free sheaves.

Any rank 1 torsion-free sheaf J on an algebraic surface S admits an exact
sequence of the form (3.2):

(3.4) 0—>J—» Og(D)=J* — C(J) — 0,

where D is some divisor on S, and we can untwist this sequence by tensoring
with OS(—D):

(3.5) 0 — J(=D) — Og — O — 0.

The last sheaf is the structure sheaf of 0-dimensional subscheme (a cluster,
or a “fine O-cycle”) £ of S, and J(—D) = Z C Og is the ideal sheaf of this
subscheme. A cluster £ defines a cycle of points

€] =" deg(&,pi) - pi-
We say that & is reduced if we have
deg(&,pi) =1 (or 0) for every i.

In this case & = [¢], and the cluster is a configuration of distinct points on S.

Thus a rank 1 torsion-free sheaf admits two invariants: ¢;(J) = ¢1(J**) and
e2(J) = deg € = hO(Op).

Now let s : Og —— E be a section of a vector bundle F of rank 2. We say
that a section is regular if its zero set is a O-dimensional subscheme: (s)o = &.
In this case, by definition, degé = co(E).

REMARK. If the zero set of a section contains an effective curve C, we can
untwist it by —C to obtain a regular section s : Og — E(—C). In this case

degé = c2(E) = C - (ar(E) = C).

For a rank 2 vector bundle E, the dual map to a regular section s can be
extended to the Koszul resolution (as in David Eisenbud’s lectures)

*

(3.6) 0— A2B* 25 B L 0 SN 0, —— 0
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of the zero set (s)g = & of s.
The kernel of can is just the ideal sheaf of ¢ from (3.5) and from the first
part of the sequence (3.6) we get the exact sequence

0 — A’E* — F* — T, — 0.

Tensoring this sequence by the invertible sheaf A2E = det E we get finally the
short exact sequence of a regqular section:

(3.7) 0 —> Os —> E — Te(ci(E)) — 0.

As we know, an extension of this type is given by an element e € Ext' (Z¢ (¢ (E)).
For the last space, by Serre duality we have

(38)  Ext!(Ze(D), Os) = Bxt'(Os, Te(D + Ks))* = H'(Te(D + Kg))",

where Kg is the canonical class of S.
Thus a pair (s, E) consisting of a vector bundle and a section is given by a
cluster (s)g = £ and a hyperplane p C H!(Z¢(c1(E) + Kg)).

§ 3 The first interpretation — moduli spaces of stable pairs.

Now we will consider the space MPY_ ; of pairs (2.2) only. A polygon A =
> liiscalled regularifi # j = 1; #1;, and ;Nl; = N, = (4,7) = (k,n).
That is, all the sides of A are distinct, and all the vertices of A (= intersections
of sides) are different too.

A pair (A, C) is called regular if A is regular and C' is nonsingular.

Let PY be the open subset of regular polygons. Then we have the open
subset

(4.1) MoPd, = prH(P2) Npg! (pC(MP$+1) \ Vsing N pc(MP§+1))

of regular pairs.
T

Every regular polygon A = |J [; defines a cycle of points

=1
(4.2) A =14+
on the dual plane P?*. It is a fine cycle, and we want to consider it as a cluster

(0-dimensional subscheme) of the dual plane.
On the other hand, A also determines the cycle of vertices

(4.3) Ver A = Ji;n;

i,J
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on the plane CP? itself. The cluster A* defines an ideal sheaf Za-, and the
family of extensions

(4.4) 00— Opoe —> E —— Tp(2) — 0

parameterised by the space PH(Za+(—1))* (see the end of the previous sec-
tion).
From the exact sequence

we get the isomorphism
(4.4) HY(Za-(=1) = H(Oa-(-1)),

so the extension (4.4) is given by a hyperplane in H%(Oa-(—1)).
On the other hand, the space of curves of degree d circumscribing A is the
following:

(4.5) |d-1—Ver Al = PH(Zyer a(d)).

It’s easy to see that ranks of the spaces (4.4) and (4.5) are equal. We would
like to prove that

(4.6) H(Ia+(~1) = H(Tyer a(d))".

Let me emphasize again that on the left-hand side we have a sheaf on P? but
on the right-hand side we have a sheaf on the dual plane P2*.

REMARK. Actually the proof of this equality is a very good exercise for
David Eisenbud’s lectures.

Here is the heart of our lectures: for a geometric object (A, C') on the plane
P2 we get a new interpretation as a pair (s, E) (see the end of the §3) on the
dual plane P?*.

Let P2 = PT, where T = C3, and P?* = PT*. Let

(4.7) HY(Za-(k)) = Vi
Then every line [ on P?* defines a homomorphism
(4.8) HYZa«(-1)) =V_1 — HY(Ia) = Vp

given by multiplication by ¢;.
When [ sweeps out PT = (P?*)*, we get a homomorphism

(49) T® V,1 - V07

which we can consider as a homomorphism of vector bundles on P2:

(4.10) Vo1 ®Op(—1) 2+ Vo ® Ope.
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The homomorphism ¢ is nothing other than a (d+ 1) x d matrix of linear forms
on P2, which we can extend to the exact sequence
(4.11)

0 — Op2(—d—1) — V_1 ® Op2(—1) 2. Vo ® Op2 — coker — 0.

It is easy to see that Supp coker = Ver A.
Now applying the functor Hom(*, Opz(—1)) to this exact sequence, we get
FEagon—Northcott resolution

(4.12) Vo ® Op2(—1) — V¥, @ Op2 — Zyera(d) — 0

of the ideal sheaf Ty, a(d).

REMARK. Our Eagon-Northcott resolution is a slight generalization of the
Koszul complex (see Eisenbud’s lectures).

Now the cohomology long exact sequence of (4.11) provides the required
equality (4.6) and an embedding

(4.13) MoP}, | — MP(2,2,d + 1)

to the moduli space MP(2,2,d + 1) of stable pairs (s, E) where E is a vector
bundle of rank 2 with ¢; = 2, co = d + 1. Here the zero set of s is a simple
cluster in the dual plane, that is, a (d + 1)-gon in P2.

Now the left-hand side of (4.13) admits a projection map pc to |d - |, and
the right-hand side admits the projection on the second component — the vector
bundle.

To compare these projections and to compute the fibres of pc, we have to
consider a new geometric object, the noncommutative plane.

§ 4 Noncommutative planes.

For any pair (A,C) € MOPgH, the nonsingular curve C' contains the effec-
tive divisor

(5.1) Ver A = Jl;n1y)

(4.3) of degree 1d(d + 1). Let Oc(h) = Op2(1)]c.
Lemma 5.1 The divisor class

(5.2) VerA —2h =10

is a reqular theta characteristic of C. That is, 20 = K¢ is the canonical class of
C, and h°(Oc(0)) = 0, in other words, this theta characteristic is ineffective.
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PRrROOF. Consider the polygon as a curve of degree d+ 1. Then the support
of the intersection
Supp (A - C) = Ver (A),

because for every line [; the intersection
cnl=LnN (Ulj)
J#i
(Both of sides have degree d and by definition the curve C' contains the set in
the right-hand side of this equality). Now by definition

Ver A = Sing A

and every singular point of A is quadratic. Hence as divisor classes on C, we
have
2Ver A=C-A = (d+1)h,

and
2Ver A — 4h = (d — 3)h = K¢

by the adjunction formula.
Now if Ver A — 2h = 7 is effective then

n=(d—1)h—Ver A

and there exists a curve C’ of degree (d — 1) which contains Ver A. But then
C" and A have a common component, because

C'-A>2degVerA=d(d+1)>degC'-degA=(d—1)-(d+1).
Thus,
C'=Co+ | Ju
i=1

where Cjy does not contain lines. Repeating this arguments for Cp and Ag41—p,
we get a contradiction. QED.

Now the pair (C, 0) defines a net of quadrics. Namely, if 6 is an ineffective
theta characteristic on C' then the complete linear system |6 + k| is base point

free and h%(Oc(0 + h)) = d. Consider Oc (0 + h) as a Ope-sheaf, and the

canonical surjective map
H(Oc(0+ h)) @ Ops — Oc(0 + h) — 0.
We have the exact sequence
0 — ker ——~ H%(Oc(0 +h)) @ Opr —> Oc(0 + h) — 0,
and it is easy to see that

ker = H0(00(9 +h))" @ Op2(—1)
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and we have the net of correlations
(53) Oé:H@O]pz(—l) e H*®O]P>2

where H = H%(Oc (6 + h))*.

Under any identification H = H* and a choice of the homogeneous coordi-
nates (A, A1, A2) of P2, we can consider the homomorphism (5.3) as a linear
combination of a triple of symmetric d x d matrices

(5.4) Ao-Ag+ A - A+ Ao - Ag,
where the equation of curve C is
(55) ¢C = det()\o . AO + )\1 . A1 + )\2 . AQ),

and we can consider the line bundle O¢ (6 + h) as the family of cokernels of the
net of correlations (5.3).
Now the group GL(d, C) acts on the set of triples in the usual way:

(5.6) 9(Ao, A1, A) = (gAog™, gA19", gA2g™)

Let {(Aop, A1, A2)}* be the set of semistable points with respect to this action.
Then the variety

(5.7) {(Ao, A1, 4)}* / PGL(d,C) = P}

is called the noncommutative plane.
C.T.C. Wall proved that

2
(58) (Ao, A1, AQ) S {(Ao, Al, Ag)}ss — gbc = det(z A Al) 75 0.

i=0
Thus we have a regular map
(5.9) pc: Pq— |d-|
sending a triple to ¢¢ (5.5). Thus
degpc =297 (29+1), where g=1(d—1)(d—2)

is the number of even theta characteristics of a nonsingular plane curve of
degree d.

Now assume that a triple (Ao, A1, As) satisfies det Ag # 0, and consider the
skew symmetric matrix

(5.10) [Ag, Ay A Ag] = Ay - A7Y - Ay — Ay - AT A,

It easy to see that the rank of this matrix ranke is an invariant of a class of a
net of quadrics. Thus we have a filtration

(5.11) P20) Cc P3(2)C--- C P2,



228 The classical geometry of vector bundles

where
P§(2T) = {(A07A1’A2) ‘ rank[AO,A1 A AQ] S 2’/"}

Now we have the pseudoclassical
PrROBLEM. What is

(5.12) degpc(P;(2r)) - deg pc?

The relationship between our geometric objects is given by the following
PROPOSITION 5.1.

1) po(MPg, ) C pc(P3(2));
2) d<5 = pc(MPY,,) =pc(P3(2)).

To prove these statements, we need a final interpretation of the geometric
objects.
Consider the flag diagram

F={pel}
(5.13) / Z
HDZ \ ]P;Q*

Then we can apply the functor g. o p* for any net of quadrics « (5.3). We get
the exact sequence of sheaves on the dual plane P?*:

(5.14) 0 — H @ Opa- (—1) L2 DM pre 0 0(1) — cokera — 0
and as second invariant of a net we have the number
rank Hom (coker a, Op2+ ).

But actually it is not a new invariant, because of the following result:
BARTH’S THEOREM (see [1]).

rank Hom(coker o, Op2+) = d — rank o

where 2r is the rank of the net of quadrics (5.10)—(5.11).

Thus for every net a of rank 2 on P? we have the complex on its dual plane
(5.15)
can

0 — H® Op,(—1) 22 CEDCOL g (1) % €42 g Opa, — 0
which is called a monad, and the middle cohomology
(5.16) ker can /im g, o p*(—1)(a(1)) = FE

is a semistable torsion-free sheaf of rank 2 with the Chern classes ¢; = 0, ¢y = 2.
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So we have the map
Pi(2) —= M(2,0,d)

to the Gieseker closure of the moduli space of stable vector bundles on P2?*.
The construction of the inverse map is as follows: a point p € P? gives a line
l, € P** in the dual plane. A line I, € P?* is called a jumping line for E if

(5.17) E|, # O, ® O,,, which happens iff h°(E(—1)|,,) # 0.

Thus in the dual plane P?* we have the curve C'(E) of jumping lines of E.

Now it is easy to see that H'(F(—2)) = H = C? and the Serre dual space
H'(E(-1)) = H*. Now multiplication by the equation of any line ¢;, defines
the correlation

(5.18) HYE(-2))=H — HY(E(-1)) = H*

as an element of the net of correlations (5.4) C(E) = C(5.5).
Now consider a regular pair (A,C) € MoPy,, (see (5.1)), where A = [J1;.
Then we have the chain of identifications:

(5.19) (A, C)=(C*"-s,E)

where s is a regular section of F;

(5.19) E=(C0)=(a)

So a pair (A, C) is geometrically equivalent to the exact sequence on P2*:
(5.20) 0 — Opes(—1) —> E —— Tp.(1) — 0

where Zp is the ideal sheaf of 0-dimensional cycle A* on P2?*,

COROLLARY. The space of circumscribed (d + 1)-gons to a Darboux curve
C' is a rational irreducible variety.

Indeed, it is birationally equivalent to PHO(E) !

These geometric identifications were done for “regular” geometric objects.
It is reasonable to construct some “natural” nonsingular compactification of the
space of regular objects sending the computation of constants of type (5.12),
(2.11), (2.5) to the regular procedure of computations of Chern classes of stan-
dard vector bundles on “moduli space” our geometric figures.
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8 5 Compactifications.

A regular (d + 1)-gon (2.1) is of course a curve of degree d + 1 on P2, and
so the space Pyy1 of all polygons is a compact irreducible subvariety in the
complete linear system |(d + 1) - I|. Geometrically,

(6.1) Py = S4tip

is the (d + 1)-st symmetric power of P2*, a rather singular algebraic variety.
Fortunately for algebraic surfaces, there is a canonical desingularisation of it.
Let us recall that a regular polygon A defines a zero dimensional subscheme
A* (4.2). Thus as a compactification of the space of regular polygons on P?, we
can consider the moduli space of zero dimensional subscheme of P?* of degree

d:
(6.2) Hilb™ = M (1,0,d + 1)

which is called the Hilbert scheme on P?*. The beautiful and very important
theory of Hilbert schemes says that for a nonsingular algebraic surface, this
scheme is again nonsingular (see [5]). The space of extensions of type (5.20)
is given by the projectivisation of the vector space H'(Z¢(—1)) (see (3.8)),
because of ¢1(E(1)) = 2h, and because the canonical class of the plane is given
by Kpz« = —3h. Thus, it is natural to represent the space of all nontrivial
extensions (5.20) as a projectivisation of a vector bundle on Hilb®**. Of course,
this variety is nonsingular.

From now on, all of our geometric objects are defined on the dual projective
plane P?*, and we omit the star.

First of all, on the Hilbert scheme we have the special divisor class H
defined by clusters intersecting a fixed line. On the other hand, the Hilbert
scheme defines the universal subscheme Z C P? x Hilb, and the two projection
maps to the direct components define the diagram

Zay1
(6.3) ,V Yﬁ‘
P? Hilb®™!

For any divisor class Op2(k), consider the vector bundle
(6.4) & = R°pr (p5Op: (k).

These sheaves are locally free, because the canonical homomorphism is surjec-
tive.

In particular, in our case k = —1, the fibre of this vector bundle over
& e Hilbis H 0((95(—1)). Now the cohomology long exact sequence of

(6.5) 0 — Ze(~1) — O(=1) —» O¢ — 0
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gives the isomorphism

(6.6) HO(Og(~1)) = H'(Te(~1))

Thus the space of all extensions of type (5.20) is the projectivisation
(6.7) PEX,.

The next thing we have to understand is that our constant sgy1(d) (2.5) is the
top Segre class of the standard vector bundle on Hilb:

(6.8) 8d+1(d) = stop(E-1(H))

To see this, we have to return to the isomorphism (4.6) and remark that for
s € H%Zvera(d) the condition "a curve C' = (s)o passes through a point
I* € P?*” defines a section of &_;(H)! Thus by the definition of the Segre
class, 3d + 2 general points determine a general (3d + 2)-dimensional subspace
W of H°(E_1(H)). Now the canonical homomorphism

W ® Onit, —> E_1(H)
is general enough and
(6.9) deg coker can =: sy, (E_1(H)) = sa+1(d)

is the number of Darboux curves through 3d + 2 general points.
Using this beautiful interpretation, G. Ellingsrud and S. Strgmme computed
(2.12) (using Bott’s formula for the C*-action on Hilb, see [4]):

s5(4) = 54

s6(5) = 2540

s7(6) = 583020

s3(7) = 99951390

59(8) = 16059395240
510(9) = 2598958192572.

This list can be extended if your computer is good enough and you have S. A.
Strgmme as a collaborator. But to understand the nature of these numbers
(it’s the new shape of mathematical questions, is not it?), you have to use
new identifications, proposed below, and the collection of beautiful new results
provided by differential topologists such as Fintushel and Stern, Kotschick and
Lisca and many others. We will discuss this in the next section.

Thus this story is not finished yet. The nonsingular compactification (6.7)
of the moduli space of pairs (A,C) (on P?*!) is called the moduli space of
stable pairs (C* - s, E) (see [15], Lecture 6):

(6.10) PE* | = MP(2,2,d+1).
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Let us consider the general diagram of our identifications:

| =——— MP( 2,2,d+1

Hllb‘”l |d -1 M(2,2,d+ 1)

where M(2,2,d 4+ 1) is the moduli space of semistable bundles, the map pg
sends a pair (E,s) to the vector bundle E, and p; sends the vector bundle E
to its curve of jumping lines (5.17). Now twisting sheaves by Opz(1) gives the
isomorphism

M(2,0,d) = M(2,2,d+1)

and we can use the chain of identifications (5.19).

REMARK. The extension of the map p; to the compactification of moduli
spaces is a nontrivial task.

The map pg is only a rational map, as treated in detail in [12]: we described
there what has to be blown up and what gets blown down. But in any case,
we can describe the image of this rational map: the final moduli space contains
the Brill-Noether locus

(6.12) My ={EeM(22d+1)|h°(E)>1}.
Thus, we have

(6.13) My =pg(MP(2,2,d+ 1))

This is just what we need. Now, by the R-R theorem,
(6.14) d<b = M;=M(2,2,d+1).

Moreover, if d = 4, that is, for the Liiroth quartics we have the following
construction: let @ be a nonsingular plane conic and || be a general linear
pencil of divisors of degree 5 on ). For an element of this pencil p; + - - - + ps,
consider the pentagon A = |J1;, where [; is the tangent line to @ at p;. When
elements sweep out this pencil, the cycles Ver[(A) sweep out a quartic curve
C.

So we have the divisor classes

(6.15) Ope= (1) = pc:(O1aq (1)) = Opp(2,2,d44+1) (D),

(6.16) w(l) = p;(O)q.q (1))

on MP(2,2,d+ 1) and M;, which are related by the birational map pg. This
situation is a beautiful exercise in practical birational geometry. As you know
from Miles Reid’s lectures, a birational map may well alter the degree of a
divisor. But in our case (this beautiful observation is due to Dmitry Orlov) the
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existence of the regular maps pc and p; relating our divisors as in (6.15) and
(6.16) gives the equality

(6.17) stop(E-1(H)) = car1(d) = D> = (u(1))*"*2.

The last link of this beautiful chain of identifications of geometric objects is
following: the points of each of the moduli spaces MP(2,2,d+1), M(2,2,d+1)
and M; describe geometric objects on the same algebraic surface, the plane P2.
But the construction of the divisor class u(l) sends us to geometric objects
(jumping curves) on the dual plane P?*. From the algebraic geometric point
of view this is reasonable, but we promised to extend these constructions to
objects of differential geometry. As a differential topological object, the pro-
jective plane does not define the dual plane. Avoiding this obstacle, we would
like to describe the constants s441(d) in terms of P2. That is, we want to define
p-class p(1) in terms of objects on P? only.

Now on the direct product P? x M(2,2,d + 1), the universal sheaf F exists
locally only (for technical details see [14]), but the Pontrjagin class

(6.18) p1(F) = 4ea(F) — ¢3(F) € Pic P? @ Pic M(2,2,d + 1)

is defined correctly in any case. The intersection number on Pic P? gives the
isomorphism (Pic P?)* = Pic P? so we can consider the Pontrjagin class (6.18)
as the homomorphism

(6.19) p=1/4p,(F) : Pic P2 — Pic M(2,2,d +1).

Now it’s easy to see that the divisor class u(l)|ps, is just (6.16).
Now to get our classical enumerative algebraic geometry constants (2.11)
in the more general set-up, we have to use the equality

(6.20) sar1(d) = (u(l))*¥?,

and to extend the definitions of My C M(2,2,d + 1) and p(l) in differential
geometric terms. Of course now M; C M(2,2,d + 1) will be compact spaces
and p(l) € H>(M(2,2,d +1),7Z) is a 2-cohomology class only but this is quite
enough to define the constant (6.20)!
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§ 6 Differential geometry.

Algebraic geometry can be considered as a part of differential geometry,
namely as K&hler geometry. Then we have to use new notions like connections,
differential forms and so on; you can learn this approach from the standard
monograph [6]. We also strongly recommend the monograph [2] as a unique
source of new style to use these ideas. But it is very important to understand
that classical algebraic geometry is a foundation of almost all the local con-
structions of Riemannian geometry. We will discuss the special case of the
projective plane P2, but you can determine the generality quantor yourself.

Let M be the underlying 4-manifold of the complex projective plane P2.
Any Riemannian metric g on M defines a decomposition of the complexified
tangent bundle T- M as a tensor product

TcM=W7)"® w+
of two rank 2 Hermitian vector bundles W* with
c1(W+) = =3h,

where h is the generator of H?(M,Z).

Write * for the Hodge star operator on Q2(M) determined by the metric g.
Moreover, for any U(2)-bundle E on M of topological type (¢1 =2, ca = d+1)
and any Hermitian connection a € Ay on F, putting any Hermitian connection
Vo on A2W# gives a coupled Dirac operator

(7.1) DIV . T E@W') —= I (E@W™).

Now the orbit space of irreducible connections modulo the gauge group
B(2,2,d+1)=A45(2,2,d+1)/G

contains the subspace

(72)  MI2,2,d+1) ={(a) e MI(2,2,d+1) | xF, =—F,} C B(E)

of antiselfdual connections with respect to the Riemannian metric g (here F,
is the curvature form of a connection a).
Now we can consider the subspace of jumping connections:
(7.3)
M(d) = {(a) € M9(2,2,d+1) | rankker DI'V° >1} C M9(2,2,d +1).

The virtual codimension of M (d) (that is, the expected codimension deter-
mined by the Atiyah—Singer index theorem) is given by

(7.4) v.codimM7{(d) =2 — 2y = 2(5 — d),

where x is the index of the coupled Dirac operator (7.1), which depends only
on the Chern classes of E.
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So you can see that for d <5
(7.5) MI(d) = M9(2,2,d+ 1)

Please compare this fact with (6.14)!

For a generic metric g, the moduli spaces M9(2,2,d + 1) and MY(d) (7.3)
are smooth manifolds of the expected dimension with regular ends (see [2] and
[11], Chap. 2, §3). Moreover, M9(2,2,d + 1) admits a natural orientation (see
[2]) inducing an orientation on MY (d), because its normal bundle has a natural
complex structure. This orientation is described in detail in [11], Chap. 1, §5.

Moreover, there exists the so-called Uhlenbeck compactification of our mod-
uli spaces

(7.6) M9(2,2,d+1) D Mi(d).

Now for any element of our filtration the first Pontrjagin class of the univer-
sal connection on the direct product M x M9(2,2,d+1) (by the slant product)
defines cohomological correspondences

H;(M,Z) 2% HY*"(M9(2,2,d+1),Z),

HA(M,Z) 4 1= (M(d), Z),

and two collections of numbers

(7.7) Dy(d) = (na(h))**2,
the so-called Donaldson numbers (Donaldson polynomials) of P2, and
(7.8) svq = (uh(h))***2.

Now, suppose as a special case that our metric g is the Fubini-Study metric
gr—gs- In this case, by the Donaldson—Uhlenbeck identification theorem, we
have

MIF=5(2,2,d+ 1) = M(2,2,d+ 1),

where the right-hand side is the moduli space of holomorphic stable bundles
on P2 (6.11).
Making this identification (a) = E, we have identifications

(79)  kerD9"-5 = HY(E)® H*(E) and  cokerD"-s = H(E),

where H'(E) denote coherent cohomology groups (see [2]).
But by Serre duality H*(E) = H°(E(-2))* = 0, by the stability of E.
Thus, the subspace M97-5 is

(7.10) M{T3(d) ={F e M(2,2,d+1) | h°(E) > 1},

that is (see (6.12)),
MET=2 () = M,



236 The classical geometry of vector bundles

and our constants (7. 8)

(7.11) $Yp_s = sat1(d)

are constants (2.5) and (6.8).

These integers do not depend on the metric g, because the space of all
Riemannian metrics is contractible. (In fact, to be rigorous, we have to use
much more sophisticated bordism arguments, similar to those in [2], where the
same statement was proved for the Donaldson’s numbers (7. 7)).

Let us remark that the initial terms of both collections (7.7) and (7.8) are
coincidence by (7.5) and (6.14)

Dy(4) = s7, = 54;
Dy(5) = s7) = 2540;

and the collection of Donaldson’s constants was extended to infinity by Ellingsrud
and Gottsche (see [3]):

D, (6) =233208;

D, (7) =35825553;

D, (8) =8365418914;
D,(9) =2780195996868;

D,4(10) =12535588470906000;  etc.

Let me remark that we have got the following striking fact:

THEOREM. The constants (7.11) = (2.5) = (6.8) are invariants of the
underlying differentiable structure of P2.

It is well known that the complex structure on M is unique. Recently it
was proved that the symplectic structure on M is unique. The next question
is the following differentiable version of the Poincaré conjecture for P2:

CoNJECTURE (DPC FOR P?). The complex projective plane P? has a
unique differentiable structure.

In particular this statement would imply the following fact

COROLLARY. The constants (7.11) = (2.5) = (6.8) are invariants of the
topological structure of P.

There is overwhelming direct evidence for this statement, and hence a par-
tial confirmation of Conjecture DPC for P2. Namely, there are two possible
methods to construct our constants using the topological structure of the plane
only. The first approach is related to the following fundamental problem:

HILBERT SCHEME PROBLEM. Can we give a purely topological construction
of the Hilbert scheme Hilb® and of the standard vector bundles (6.3)?

Of course this problem is interesting in full generality for all 4-manifolds.
If we could realize the scheme (6.3) topologically then, as proposed by G.
Ellingsrud, we could use induction over d to prove

Proposition 7.1. The constants (6.8) are topological invariants.
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The second approach to prove the statement of Corollary is related to prov-
ing of the same fact for Donaldson’s constants (7.7) proposed by Kotschick and
Lisca using the Kotschick-Morgan Conjecture from [7].

The idea of this program is following: let us blow up one or two points on P2
and for this new surface P? let us consider the same numbers as (7.7). But now
these numbers depend on the Riemannian metric in essential way. However
it can be shown that the dependence ofA‘Ehese numbers on the metric can be
controlled explicitly! Going from P? to P2, we have to consider the collection
{a}q C H*(P2,Z) of classes such that

(7.12) a=0 mod2 and —4d<a®<0.
The intersection of the positive cone in H Q(ﬁ, R) with the hyperplane at is
called a d-wall (or the d-wall defined by «). Let Ay be the set of open chambers
into which the positive cone is divided by all d-walls.

Proposition 7.2.

1) The constant Dgy(d) of (7.7) for P2 depends on the chamber C € Ay,
which contains the g-self dual harmonic 2-form.

2) If C and C' are chambers then

(7.13) De(d) = Der(d) = da(e),

where the sum is taken over all d-walls o such that
a-C'<0<a-C,
that is over all walls dividing C and C'.

Now the following result has been proved: .

Proposition 7.3. The constant D,(d) of (7.7) for P? are determined by
the difference terms dq only.

The following fact is ”almost” proved:

KoTSCHICK-MORGAN CONJECTURE (see [7]). The difference terms 04 are
homotopy invariants.

So finishing the proof of this conjecture implies the topological definition of
the Donaldson constants (7.7).

REMARK. Mixing the Hilbert scheme method and the difference terms
method is a very fruitful technique. G. Ellingsrud and L. Gé&ttsche [3] can
use it to compute any Donaldson number exactly, but the real nature of these
expressive numbers remains an open question.

Finally, to prove the topological nature of the constants s*y}%l s = Sq+1(d)
(7.11), we have to mimic these constructions for the moduli spaces of jumping
instantons (7.3) or, in full generality, for the spin polynomials (see [13]) in place
of the Donaldson polynomials.
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I would like to finish by drawing the following conclusion:

MORAL. Different interpretations of classical algebraic geometric figures
provide very fruitful approaches to understanding the nature of results of ENU-
MERATIVE AG.
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The Weil-Petersson metric on the moduli
space of stable vector bundles and
sheaves on an algebraic surface

A twistor description of the Weil-Petersson metric on the moduli space of
stable vector bundles on a K3-surface with hyper-Kahler structure is given,
and this metric is extended to the compactification of the moduli space by
torsion-free sheaves.
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Dedicated to the memory of my sister

Introduction.

The moduli space of stable vector bundles on a compact Kéhler surface
(S,w) has a canonical K&hler metric, which it is natural to call the Weil-
Petersson metric. Recall that this metric was originally constructed by Weil
and Petersson on the Teichmiiller space of distinguished Riemann surfaces of
genus g; in that context it was studied by Ahlfors [1], Royden [14], and Wolpert
[20]. The basic result of this research was to describe the geometrical properties
of the curvature. In particular, Wolpert proved that the metric has negative
sectional curvature.

The actual construction of the Weil-Petersson metric is based on the exis-
tence of a constant curvature metric on a Riemann surface; hence, it became
possible to carry this construction over to multidimensional Kéhler manifold
only after the Calabi-Yau problem was solved, i.e., after Kdhler—Einstein met-
rics were constructed on compact Kahler manifolds with negative or zero first
Chern class (see [21]).

Koiso [10] verified the K&hler condition for the Weil — Petersson metric
in the multidimensional case, and Siu [15] developed the method of canoni-
cal lifting of tangent vectors in order to study the curvature properties of this
metric. This led Siu to a precise (and relatively simple) description of the com-
plete curvature tensor and a proof that the holomorphic bisectional curvature
is negative in certain important but special cases.

Finally, Schumacher [17] and Nannicini [13] studied the curvature proper-
ties of the Weil-Petersson metric for manifolds with zero Chern class, and they
proved (using different methods) that the holomorphic bisectional curvature is
negative in the case of symplectic manifolds. In particular, in the case of polar-
ized K3-surfaces, Schumacher proved that the Weil-Petersson metric coincides
with the Bergman metric of the type III symmetric domain that is induced on
the moduli space by the period mapping [15].

The Weil-Petersson metric is defined on the moduli space of stable vector
bundles on a compact Riemann surface using the identification of the moduli
space of stable vector bundles with the moduli space of Hermitian—Einstein
connections on a fixed C*>°-bundle.

242
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Zograf and Takhtadzhyan made an exhaustive investigation of the prop-
erties of this metric, connecting the properties of the curvature tensor with
classical problems in the theory of Riemann surfaces [23].

In particular, the symplectic form of the Weil-Petersson Kéhler metric co-
incides with the d-derivative of the canonical section (given by the Hermitian—
Einstein connection) of the affine bundle on the connection over the moduli
space of vector bundles. The same form is proprtional to the curvature form
of the Quillen metric on the determinant bundle of the family of d-operators.

By explicitly computing the curvature tensor and interpreting its compo-
nents, one obtains positivity of the scalar curvature and nonnegativity of holo-
morphic bisectional curvatures.

In the multidimensional case, the solution of the Kobayashi—-Hitchin prob-
lem concerning the existence of a Hermitian—Einstein connection in a holomor-
phic stable vector bundle leads to the construction of the Weil-Petersson metric
on the moduli space of vector bundles (see [19] for the greatest generality).

Buchdahl [2] proved the Kobayashi-Hitchin conjecture for complex-analytic
surfaces with Hermitian metric g, whose symplectic form is d0-closed.

In the case when a Kéhler surface (S,w) is the base of vector bundles, the
notion of a Hermitian—Einstein connection coincides with the notion of an anti-
self-dual connection (ASD) connection [8], and so it is equivalent to the notion
of a holomorphic stable bundle. In this case Ito [8] computed the curvature
form for the Weil-Petersson metric on the moduli space of vector bundles; in
certain cases this made it possible to connect the sign of the curvature of the
surface with the moduli space [9]. In particular, if the metric g on S is hyper-
Kéhlerian, then so is the Weil-Petersson metric on the moduli space of vector
bundles (see [8] and [9]).

On the other hand, if S is an algebraic surface and ¢ is the Hodge met-
ric giving the polarisation H, then, using modular operations ([24], Chapter
IT), one can construct a series of components of the moduli space of H-stable
vector bundles of standard birational type; in particular, they are birationally
equivalent to the surface S itself. In this case one would like to compare the
original metric on S and the Weil-Petersson metric on S, as metrics on the
moduli space of vector bundles. The obstacle to doing this is the fact that, in
general, the components of the moduli space of stable bundles are not com-
pact. They can be compactified (see Gieseker [4]) using semistable torsion-free
sheaves. Thus, one does not have a direct differential geometric construction
of the Weil-Petersson metric on the points of the boundary (see [8]), and we
are left with two problems:

1) to extend the Weil-Petersson metric to the compactification of a com-
ponent of the moduli space of stable vector bundles;

2) to study the geometry of the curvature tensor of the extended metric at
boundary points of the moduli space.

In this paper we solve both of these problems in the case when S has a
nondegenerate symplectic structure, i.e., in the case of 3-surfaces and abelian
surfaces. We give a description of all of the constructions only in the case of
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3-surfaces, since the constructions are exactly the same for abelian surfaces.
We shall apply the twistor construction of hyper-Kéahler metrics (see [5], [7],
and [16]).

This paper was written in its final form during my stay at Tokyo Metropoli-
tan University, and I would like to thank Professor Y. Miyaoka for his hospi-
tality and support.

I would like to thank A. Todorov for interesting and stimulating discussions
of the problem.

§1 Hyper-Kahler metrics.

A triple of infinitesimal structures on the tangent bundle T'X of a smooth
manifold X having the form

TX 2+ T"X g* =y (Riemannian structure)
(1.1) X LeTx 2=-1 (complex structure),
TX —“» T*X w"=—w (symplectic structure)

together give a single almost complex Hermitian structure

(1.2) h:TX — T*X, h*=h,
if
(1.3) Igl* =g, Iwl*=w=Ig.

If the structure is I-integrable and the form w is closed, then we say that it is
a Kahler structure.

REMARK. Thurston [18] constructed an example of an almost complex
Hermitian structure with closed form w, which is not Kahler.

If dimX = 4, then there is an important generalisation of an almost complex
structure (1.1) — an infinitesimally quaternionic structure, which is given by
three almost complex structures:

[:TX —TX, I2=J2=K?=1,
(1.4) J:TX —TX, IJ=-JI=K,
K:TX — TX, KI=-IK=1.

If X has a metric g (1.1), which is invariant under I, J, and K (see (1.3)),
then we can define the three skew-symmetric forms:

(1.5) wr=1g, wy=Jg, wg=Kg.

In contrast to Thurston’s example in [18], we have the following
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Lemma (HITCHIN [6], LEMMA 6:8). If the forms wr, wy and wg in (1.5)
are closed, then any almost complex structure

(1.6) {al +bJ + cKla,b,c € R, (al +bJ + cK)? = —id}

18 integrable.

In this case the four-tuple (g,1,J, K), or (g,wr,ws,wk), is called a hyper-
Kdhler structure on X, and I, J, K,wr,wy,wk are called the components of the
hyper-Kéahler structure on X.

The complex structures I, J, K are not in any way distinguishable from the
other points of the two-dimensional sphere S?=¢g=P! which parametrizes the
complex structures (1.6) on X. It is easy to see that the form

(17> w[+in

is a nowhere degenerate holomorphic 2-form for the complex structure I on
X. We shall call the family (1.6) the conic of complex structures of the hyper-
Kahler structure.

If dimX = 4, then a Riemannian metric g on X can be a component of
only one hyper-Kahler structure; and a Kahler structure is hyper-Kahler if and
only if it is self-dual and Ricci-flat [16]. In this case the holomorphic forms
(1.7) for the family (1.6) of complex structures generate a family of one-dimen-
sional subspaces in H2(X,C), which sweep out a conic in the projectivisation
PH?(X,C) as the complex structure varies. This explains the terminology
”conic of complex structures (1.6)”.

In addition to having a simple integrability criterion (that three forms be
closed; see Hitchin’s lemma), hyper-Kéahler structures enjoy one other remark-
able property: they have a characterisation in terms of the complex geometry
of the space of twistors (see [5] and 16]).

THEOREM (HKLR [5], Theorem 3.3). Let Z be a smooth complex manifold
of dimension 2n + 1 for which the following conditions hold:

1) There exists a holomorphic surjection

(1.8) zZ s Pl=y

(i.e., dm : TZ, — Tqg (2 is an epimorphism for every z € Z).
2) The relative tangent bundle

(1.9) TZ. = kerdn

has an isomorphism

(1.10) TZn —> (TZ)5)" @7 04(2)

such that

(1.11) OF ©0,4(2) = —a.
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3) There exists a holomorphic section
(1.12) s:q— Z
such that the normal bundle of the curve
(1.13) L= s(q)
has the form

(1.14) Nicz = C*" ® 0,(1);

4) There exists a real structure
(1.15) 0c:72 — Z,

acting on the fibre of the bundle (1.8) which is compatible with (1.10),
preserves the section s in (1.12), and induces the antipodal map on q = P*:

(1.16) o:z— 1/z

Then a hyper-Kahler structure is induced on the manifold of o-real sections.
Conversely, every hyper-Kahler structure determines a smooth complex mani-
fold Z with all of the features (1.8) — (1.15), where the base manifold X can be
identified with the manifold of o-real sections and the hyper-Kdhler structure
coincides with the induced hyper-Kdahler structure.

We may always suppose that there is a o-real section of the form (1.12)
passing through every point of the fibre of the surjection (1.8), and this section
is unique, because the real sections do not intersect.

The manifold Z is called the twistor space of the hyper-Kahler structure
(g,q) on X. The real sections of the bundle (1.8) are disjoint, and they deter-
mine a C*°-bundle

(1.17) z L+ X,
whose fibre
(1.18) p i) =1

is a smooth rational curve in Z with normal bundle of the form (1.14).

The family of fibres of the surjection (1.8) coincides with the family of
complex structures (1.6) that is parametrized by the conic ¢ = P! = S2.

Let G be the space of sections of (1.8) of the form (1.12) — (1.14), and let I be
a o-real section, which we can identify with a point # € X so that p~*(z) = [.
Then the space of lines which intersect [ determines a symmetric correlation
on the subspace of o-real sections of the space H°(N;cz) = TG}, which we can
identify with the complexification of the tangent space T'X,. This symmetric
correlation also determines the quadratic form g, of the metric g on T'X,..
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Now let (X, g) be a K3-surface with Ricci-flat Kéhler structure. Then the
twistor space Z(S) is a three-dimensional compact manifold with two surjec-
tions

(1.19) / \

where 7 is a holomorphic map, p is a C*°-map, and the pair p X 7 gives a
C°-identification of Z(S) with S x q.
The fibres 771(z) are Kéhler K3-surface. For any such surface

(1.20) S, =712),

the surface S, .y has a complex structure conjugate to S,. We shall later have
need of this type of variation of complex structure.
Definition 1.1.

1) A simple variation of a complex analytic surface Sy is a smooth three-di-
mensional manifold Z and a smooth manifold 7" with distinguished point
tp connected by maps

Z
(1.21) /u\
So ~—— Sy —>ty €T
such that

a) 7 is a smooth holomorphic map of 7=1(ty) = Sy, and

b) p is an everywhere nondegenerate C*°-map which gives a C*-iso-
morphism

pXT

(1.22) Z

50XT.

2) A simple variation of a holomorphic vector bundle E on Sy which covers
the simple variation (1.21) is a vector bundle £ on Z such that

a) 8|7r*1(t0) = E, and
b) there exists a C*°-isomorphism of bundles f : p*E — &

The twistor space (1.19) is an example of a global simple variation.
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§ 2 Stratification of the moduli space.

We consider a torsion-free sheaf F' on a compact smooth algebraic surface
or a Kéahler surface S. Such a sheaf determines the standard exact triple

can @

(2.1) 00— F — F* — C(F) — 0,
where can is the canonical homomorphism from the sheaf to the double dual
sheaf

F** = Hom((F, Og),Osg) .

F** is a locally free sheaf, i.e., it is the sheaf of germs of sections of a
holomorphic bundle E on S, and C(F) is a sheaf supported in the finite set of
points

(2.2) supp C(F) = Y _zi(F), ai(F) € S,
=1

where F' is not locally free. The bundle E = F** is called the reflexive span of
the sheaf F'.

The symple cycle (2.2) and the reflexive space E = F** are the first invari-
ants of the sheaf F.

The Artinian sheaf C(F) in (2.1) splits into a direct sum of sheaves sup-
ported at x;(F) :

(2.3) O(F) = & C(F)i. suppC(F); = ai(F),

and the epimorphism ¢ in (2.1) also splits:

(24) Y= (9017"' 79071)7

where ¢; : F** = E —— C;(F) is a local epimorphism which is nonzero only
over the point z;(F). Each such epimorphism can be completed to an exact
triple:

(2.5) 0 — F; — ™ = E 2% C(F); — 0,

and it is easy to see that

(2.6) F:ﬁECE

i=1

The components of the direct sum (2.3) are called the local components of the
Artinian sheaf, and the subsheaves F; are called the local spans of F.

The geometrical object we define next is a generalisation of the notion of
a zero-dimensional scheme, or a fine cycle ([25], § 2), or a cluster (in Miles
Reid’s terminology).
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Definition 2.1. An equipped local cluster of rank r supported at the point
x € C is a triple (Ag,V, ), where A, is an Artinian sheaf supported at z,
V = C" is a vector space, and ¢ is an epimorphism of sheaves

(2.7) V®0s — > A, — 0;

this epimorphism is called the cluster’s equipment. A local cluster =, of rank
r (supported at z € S) is a class of equipped clusters (2.7) considered modulo
linear automorphisms of the vector space V and automorphisms of the sheaf
A,. A cluster of rank r is a formal sum

n

— =

- —1
=1

where Z; is a local cluster supported at z;, (here {z;} is a set of distinct points
on S).

EXAMPLE 1. It is easy to see that a rank 1 cluster is the same as a family
of sheaves

(2.8)

(1]

(2.9) {0¢® L}, LEe€PicS,

where O is the structure sheaf of a zero-dimensional subscheme & C S. Such
a cluster determines a subsheaf J; ® L in each invertible sheaf L, where J¢ is
the sheaf of ideals of the subscheme & € S.
EXAMPLE 2. Any torsion-free sheaf F' of rank r determines a rank r cluster
Namely, for any point z;(F) in (2.2) there is a neighborhood U; such that
F** = E|y, = C" x Oy,, and the epimorphism in the exact triple (2.1) deter-
mines the local clusters

(2.10) E(F)i = E(F)

and the rank r cluster (2.8).
The equipment of a local cluster (2.7) factors as a composition of homo-
morphisms

C"® Og ‘ A,
(2.11) N %
ﬁo(Aw) ®0s
where
(2.12) ¢:C" — H°(A,)

is a certain homomorphism which may have a kernel or a cokernel.
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The rank of the kernel
(2.13) rkkerg = k
will be called the local defect of the cluster, and the rank
(2.14) d=r1k H°(A,)

will be called the local degree of the cluster.

Proposition 2.1. Let Kj(k, A;) be the manifold of local clusters of rank
r, degree d local defect k and Artinian sheaf A, (see (2.7)). Then either
Kj(k,Ay) = @, or else

(2.15) Ki(k,Ay) = Gr(r — k, H*(Az))o/Aut A,

is a Zariski open subset of the Grassmannian of (r — k)-dimensional subspaces
in H(Ay) of rank d, considered modulo the action of the group Aut A,.
PROOF. In fact, if no (r—k)-dimensional subspace of H°(A,) spans A, then
K} (k,A,;) = @. Otherwise, there is a Zariski open subset of the Grassmannian
consisting of the subspaces of sections which span A,. We then have (2.15).
Now if = is a rank r cluster with local decomposition (2.8), then the vector

(216) J: (d17d27"' adn)7

where d; is the local degree of the cluster Z; (see (2.14)), is called the vector
degree of the cluster, and the vector

(217) 17{: (kiakQa"' 7kn)7

where k; is the local defect of E; (see (2.13)), is called the vector defect of the
cluster.

Let K’ (k) be the moduli space of clusters of rank r, degree d, and defect
k, and let

(2.18) Kk, x:) € Kj(k)

be the subspace of clusters supported in Y x;.

Proposition 2.2. The space K;—’(l_s7 > ;) does not change under a simple
variation of the base surface S (see Definition 1.1).

PrROOF. What the proposition says is that the space (2.18) for any of
the surfaces S; in a simple variation, where ¢t € T (see (1.21)), is canonically
biholomorphic to the same space for Sy. Note that

(2.19) K5k, > wi) = Kj (k1) X -+ x Kj (kn, ),

and so it suffices to prove the proposition for a single point z € Sy. But a
simple variation determines an isomorphism of fibres of the structure sheaves

(2.20) (Osy)e = (Os, )z
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and hence also an isomorphism of the spaces, of the algebras {4, }, which are
finitely generated over these rings, and of all of the features of the cluster (see
Proposition 2.1). This gives us the desired canonical biholomorphic equiva-
lence.

In the same way as rank 1 cluster — a zero-dimensional subscheme & (see
Example 1) — determines a subsheaf J: ® L in each rank 1 bundle L, a rank
r cluster = determines a family of subsheaves in each vector bundle E:

(2.21) F(E,E) ={F C E|F** = E,Z(F) = Z}.

In particular, in the case of an invertible sheaf L and a rank 1 cluster £ C .5,
the family F(L,§) in (2.21) consists of the single sheaf Je @ L.

Let B(E,Z) be the base of the family of sheaves in (2.21). To describe this
base it is useful to decompose Z into local clusters (2.8) and represent a sheaf
Fin (2.21), [F] € B(E,E), as the intersection of its local spans.

The geometrical interpretation of the features of a cluster, along with Propo-
sition 2.1, implies the following fact.

Proposition 2.3.

1) If [F] € B(E,E), then its local span F; (see (2.6)) satisfies
(2.22) [Fi] € B(E,Z)),

where the Z; are the local components (2.8) of the cluster =.

(2.23) B(E,=,) = Gr(k, E,)

is the grassmannian of k-dimensional subspaces (the kernels of the homo-
morphism @; see (2.12)) .

(2.24) B(E,Z)=B(E,Z;) x---x B(E,Z,)
and the components of [F| € B(E,Z) have the form
(2.25) (F] = ([F1], -+ [Fa])-
Given a bundle E of rank r, we can define the family of subsheaves
(2.26) F(E,d, k) ={F C E|F* = E,E(F) € K5(k)}.

where K{’ji(l%) is the space of clusters of vector degree d and vector defect k (see
(2.16) and (2.17)) with base B(E,d, k), and also the subfamily

(2.27) F(E.d,k,Y x;) ={F C E|E(F) € Kj(k,»_x)}.
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(see (2.18)) with base B(E,d, k,>_ z;). The bases of these families are stratified
as follows:

T —

K (k)
(2.28) U U «'®@=8E5),
B(E,d.k,> " ;) "> K5k, ;)

over the spaces in (2.24).

Proposition 2.4.The space B(E,d, k,Y_ x;) does not change under a sim-
ple variation of the base surface S and the bundle E.

PROOF. Besides the argument used to prove Proposition 2.2, we need only
add the observation that the spaces (2.23) are canonically biholomorphic to
one another under a simple variation of the bundle E' (see Definition 1.1, 2)).

We are now ready to describe the compact smooth components of the moduli
spaces of sheaves on S. Let H = [w] be the class of the Kahler form which is
used to define the notion of stability [19].

Consider a torsion-free stable sheaf F' and the exact triple (2.1). Then

B(E,d, k)

(2.29) c1(F) = ci(F*), co(F) = co( F*™) + 1k HO(c(F)).
The first of these equalities implies the important fact that:
(2.30) F is stable & F** is stable.

In fact, the definition of H-stability (in the sense of Mumford and Takemoto)
involves only the ranks and first Chern classes, and passing to the reflexive
spans is functorial: Fy; C F = F{* C F**.

The homotheties of F' determine an embedding Og — End F'=Hom (F, F')
which, along with the trace homomorphism ¢, : End F —— Og, gives the de-
composition

(2.31) EndF = Og ® ad F.

A flat sheaf F on the product S®T, where tg € T is the germ of the analytic
space for which F|gxi, = F, is called a local variation of F. The stable sheaf
F' is simple, i.e.,

(2.32) ho(ad F) == h%(ad F) =0,

SD
”

where ” means ”equal by Serre duality”. Hence, for F' we have
THEOREM (Mukai [11]).

1) The sheaf F' has a universal variation with base [F| € Spl F.

2) The germ of the analytic space [F] € Spl F is reduced and smooth in [F)],
and the tangent space to Spl F at [F] satisfies the relation

TSpl Fip = Ext' (F, F).
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By (2.30), the reflexive span F** is a stable bundle, and we have another
result:

THEOREM (Artamkin [22], Lemma 6.2). If F' has rank greater than 1, then
the generic sheaf of the universal local family Spl F' is locally free, i.e., it is the
sheaf of germs of sections of the bundle.

The bases of the universal local families of stable sheaves glue together to
form the global components of the moduli space Mg (r, c1, ca) of stable sheaves
of rank r with Chern classes ¢; and cs.

Here we shall consider the so-called ”fine” components of My (r, c1,c2).

Definition 2.2. A component M of the moduli space Mg (r, c1,cq) is said
to be fine, if

1) M is a complete smooth manifold, and

2) there exists a family F of sheaves on S x M which is flat over M and has
the property that the Kodaira—Spencer map

(2.33) TM) = Ext'(F, F)
is an isomorphism for every [E] € M.

Combining the criteria of Mukai [11] and Maruyama [12] gives
Proposition 2.5. If

c _
(2.34) g.c.d. (r, 5 02> =1,

then all of the components of My (r,c1,c2) are fine.
Returning to cluster spaces, we can now construct the family of sheaves

(2.35)  F(r,c1,c2,d,k) = {F| F** € Mu(r,c1,co — >.d;), E(F) € Kj(k)}

with base B(r,c1,cz,d, k), from which we have two maps

N ) R(F) = [F™]
(2.36) / \ R =E(F)
My (r,c1,c0 — > d;) g(k)

such that the direct product

(2.37) B (r,c1,c0,d,B) B0 My (60,00 — S3d) x K7 (R)
has as a fibre the space
(2.38) (R, /)" (E,Z) = B(E,Z).

We proceed to describe the stratification of the moduli space Mg (r, ¢1,ca)
of torsion-free stable sheaves of rank r with Chern classes ¢; and cs.
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In the first place, My (r, c1, c2) contains the closed submanifold
(2.39) C = {[F] € Mu(r,c1,e2)|F # F**}
of non-locally-free sheaves and the dense quasiprojective submanifold
(2.40) M?I(r, c1,02) = My (r,c1,¢0) — C

of moduli of stable bundles. -
The integer vectors d in (2.16) and k in (2.17) determine a stratification of
the manifold C in (2.39):

(2.41) Cq(k) = {[F] € CIZ(F) € Kj(k)}-
Each stratum has an embedding
(2.42) Cy(k) —2+ B(r,c1,¢9,d, k)

into the manifold (2.36).

Proposition 2.6. Each component of Cy(k) embeds into a Zariski dense
subset of a component of the manifold B(r,cy, ca,d, k), (2.36).

PrOOF. If the component B of the manifold (2.36) contains the point [F]
corresponding to the stable sheaf F', then there exists a Zariski dense subset By
in B, whose points correspond to the stable sheaves. For any sheaf [F| € By,
the universal variation (2.33) contains [F'] as a smooth point and determines a
component M of the manifold Mz (r, ¢y, ca). Then the intersection M () Cy(k)
is a component of the manifold (2.41) which maps isomorphically onto By.

REMARK. Here we have made essential use of the properties of K3-surfaces.

§ 3 Twistor space of a component of the moduli space of bundles.

Now let M be a fine component of the moduli space of H(= [w])-stable
(r,0, co)-sheaves, as in Proposition 2.5, and let

(3.1) M=MJcC,

where MY is the component (2.40) of the moduli space of stable bundles and
C' is the component (2.39) of the moduli space of non-locally-free sheaves.

Suppose we have an algebraic K3-surface S = S° with complex structure
I, a Ricci-flat metric g that is Hermitian compatible with I (see §1), and a
symplectic form w. We consider the features of Yang-Mills theory on S (see
251, §3).

Let E be a C*-complex vector bundle of rank r on S with Chern classes
¢1 = 0 and ¢ > 0, and Hermitian structure h. Let AC be the affine space
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of SL(r, C)-connections on E, let G = Aut E the group of SL(r, C)-gauge
transformations, and let

(3.2) F: A — Had E® Q2)
be the curvature map with its Hodge decomposition
(3.3) F=F*%gFll g o2

for the complex structure I on S.
Let A, be the space of integrable semiconnections on F (i.e., d -operators
with d -d = 0), and let

(3.4) A=A oA

be the d/—, dn—decomposition of the space of connections, whered, c A® =
A x A is the subset of SU(r)-connections.
Let G = Aut Ej be the subgroup of SU(r)-gauge transformations,

(3.5) ALY = {a € Ay |F?(a) = F*2(a) = 0}

the subset of SU(r)-connections with curvature of type (1,1), and

AC=— A A"
(3.6) o U NC
A/ ~ E/ Ah 1”‘ A//

the projections onto the direct factors, giving the identifications

"

(3.7) A=A, A=A x A,

and determining a complex structure on Ay,.
This complex structure on the tangent space to a connection a € Aj, has
the form

(3.8) (TAp)e = H(ad E @ Q%1).

The quadratic form

(3.9) Gw) = 2i/tr(w Aw™)
5

on the space (3.8) determines a canonical metric on Ap. This metric gauge
invariant.
Let A(,)L be the subset of irreducible connections, and let

(3.10) X =A/G
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be the orbit space of the gauge group. Then the gauge invariant formula (3.9)
gives a metric on the space X in (3.10).

The metric g on S determines an operator * on the 2-forms on S, and it
splits the curvature tensor (3.2) into two components

(311)  F(a)=Fi(a)+ F_(a), *F (a)=Fy(a), *F_(a)=—F_(a).
A connection a is said to be anti-self-dual (ASD) if

(3.12) Fy(a) =0.

This equation is invariant relative to the gauge group, and

(3.13) M sp ={amodG|F(a) =0} C X

is the space of orbits of irreducible ASD-connections in the space X in (3.10).

Definition 3.1. The restriction to MY, of the metric G in (3.9) is called
the Weil-Petersson metric on M% ¢ .

It is easy to see that this is a K&hler metric (the same is true for G on X))
in the complex structure determined by the isomorphism (3.8).

We shall call the class of the Kahler form [w] = H a polarisation of S even
if it is not an integral class. In that case the definition of a stable holomorphic
bundle E does not change: for any subsheaf F' C F, rk F' < rk E, we have

e(F)-H _cy(F)-H

(3.14) rk F tk F

(even if the numbers in the numerator are not integers).
Using the local *x-decomposition of the bundle

(3.15) P =AL DA, x[p, =id, x[p_ =-id

in the case of a Kéhler metric it is easy to see that

(3.16) Ay = Rw, © Q>0

Hence, the curvature tensor of an ASD-connection a satisfies the relation
(3.17) F*%(a) = F*?(a) = 0.

ie.,ac¢€ .A,ll’l, and the d”-connected component of a determines a holomorphic
structure on F.

According to a result of Uhlenbeck and Yau, this construction gives an
isomorphism

(3.18) Mgp(r,0,¢0) = My (r,0,¢2)

between the space of ASD-connections on a bundle of rank r with ¢; = 0 and
¢z > 0 on the one hand, and the moduli space of stable bundles on the other.
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We can now proceed to the construction of the twistor space (1.8) for the
Weil-Petersson metric G on the moduli space (see (3.9)). We return to the fine
component M of the moduli space of sheaves (see (3.1))and the dense subset
M?P of vector bundles. We first construct the twistor space Z(M?) in (1.8) for
the subset M?. Let M be the component of the moduli of ASD-connections,
so that (3.18) gives an isomorphism

(3.19) M= MO,

We consider the simple variation of complex structures (1.19):

T

2(8)
(3.20) U u
S= 7"-71(2")z —Z

that is given by the hyper-Kahler structure on Sy. Suppose that the complex
structure on S, is given by means of the automorphism I, in (1.1), and w, is the
Kihler form of the Ricci-flat metric g on Sp. Let M? be the component of the
moduli space of stable bundles which are holomorphic on S, i.e., holomorphic
relative to I,. Then the family of complex manifolds

(3.21) M?, zeq,

sweeps out a complex manifold Z(M) with two projections

(3.22) / X 1 (z) = M,

where the fibre of the holomorphic projection 7 is the moduli space MY of
holomorphic stable bundles on the surface S, in (3.20), and the C*°-projection
p gives an isomorphism (see (3.19) and (3.18)):

(3.23) prrt(z) = M) — M.

Thus, the sphere of complex structures M,, z € ¢ = S?, on M gives a simple
variation of each fibre of the projection .

We must now construct the features 2) (1.10), 3) (1.14), and 4) (1.15) of
the geometric interpretation of hyper-Kahler structure in the HKLR theorem
in §1.

In the first place, on the union Z(M) of the moduli spaces M? there exists a
real anti-involution o which covers the anti-involution (1.16), since we obviously
have

0
2z

(3.24) M2 =M

z
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so that condition 4) HKLR theorem is fulfilled.

Next, the isomorphism (1.10) is given on the fibres by the Mukai symplectic
form [11] on the moduli space of simple vector bundles on a K3-surface. More
precisely, let

(3.25) [E] € Z(M), =([E]))=2, [E]e M.

Then E is a holomorphic bundle on S,. The fibre of the relative tangent bundle
to Z(M) at the point [E] is

(TZ(M) jri) = (TM?) () = H' (S, ad E)

(see (3.26)).
Since the canonicall class on the surface S, is trivial, it follows by Serre
duality that there exists a skew-symmetric isomorphism

(3.27) HY(S.,ad E) — H'(S.,ad E)*,

which gives the Mukai symplectic structure on M? (see [11]) and determines
the isomorphism (1.10) up to an invertible sheaf lifted from ¢g. Comparing the
determinants of the relative tangent bundle and its dual (and taking the skew
symmetry into account), we obtain the isomorphism (1.10). This gives part 2)
of the HKLR theorem. It remains for us to construct a real section (1.12) with
normal sheaf (1.14).

To do this, we consider a self-dual connection a € M on the bundle E}, (see
the beginning of the section). Then a complex structure z € ¢ determines a
holomorphic bundle structure E, on (Ep,a), and the family {E,} of holomor-
phic sections on the family {S,} of Kahler surfaces determines a holomorphic
bundle E on Z(S) such that

(3.28) Els. = E,, zeq.

By analogy with the theory of instantons we shall call E a physical anti-
instanton on the twistor space Z(5) in (1.29). It is easy to see that E on Z(5)
determines a simple variation of any bundle E, on S, (see Definition 1.1).

On the other hand, the family (3.28) determines a section of the twistor
space Z(M) in (3.22) over g¢:

(3.29) ¢ — ZM)
s(z2)=[E.]e M°z, 1=s5(q), o()=1L.

Now we need only verify that the normal sheaf Njczaq) of a curve [ in the
twistor space Z(M) has the form (1.14). Comparing the exact triples on [

00— Tl —>TZ(M)|; — Nch(M) —0

0 —> TZ(M)pli —> TZ(M)|} — e 2T}, — 0
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we see that

(3.30) Niczmy =TZ(M) =l

and nondegenerate skew-symmetric pairing (3.27) implies the equality
(3.31) TZ(M)/xl = (TZ(M)/x)" @ Ks) /4

where Kz(s)/q is the relative tangent bundle.
On the three-dimensional manifold Z(S) we have

(332) KZ(S)/q = W*Oq(—4).

In fact, in (1.19) the complex "line” I = p~*(z) C Z(S) has normal sheaf

(3.33) Niezs) = Oi(1) ® Oi(1)
and hence
(3.34) Kzs)), = O1(—4).

From this we obtain (3.32).
The real line I C Z(M) is determines by the real anti-instanton E in (3.28).
Hence,

(3.35) TZ(M)pi = R ad E
and, by relative Serre duality,
(3.36) R'mad E = (R'7 ad B* ® Kz(5)/x)"

from which we obtain (3.31).
The construction of the anti-instanton E starting with any fibre F,, z € ¢,
determines a section

(3.37) H'(S,,ad E.) — H'(ad E).
Because
(3.38) H°(S.,ad E.) = H*(S,,ad E.) = 0,

a standard spectral sequence with second term H'(Rm ad E) gives the equality
(3.39) H°(R'r ad E) = H'(ad E)
and (3.37) is a real section of the canonical map

(3.40) H°(R'r ad B) ® O, = R'm ad E.
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This implies that can is an epimorphism over z, and hence over any point.
Thus,

~ N
(3.41) R'trad E= @ O,(d;), d>0,
1=1

and, by (3.31) and (3.32), we have

(3.42) ,%1 O4(ds) = © 0, (2 — dy),
from which it follows that d can only be 0, 1, or 2. B
If a component exists with d = 0, it determines a o-real point in P(H*'(ad E));
however o determines quaternionic real structure in P(H! (ad E)) having no real
points.
Consequently,

and we have constructed all of the geometrical features of a hyper-Kéhler struc-
ture on M? = M which are enumerated in the HKLR theorem in § 1. We have
thus proved

THEOREM 1. A hyper-Kdihler structure on a compact smooth Kdhler surface
S induces a hyper-Kdhler structure on any fine component M° (see (3.1)) of
the stable vector bundles. Here the hyper-Kihler metric on MY = M is a
Weil-Petersson metric (see Definition 3.1).

In the next section we compactify the twistor space Z(M) by means of real
lines, obtaining a smooth compact complex manifold Z(M), and we construct
a hyper-Kéahler structure on a fine component of the moduli space M of torsion-
free stable sheaves.

84 The twistor space of a fine component of the moduli space of
stable sheaves.

We return to the union (3.1) and the equality (3.18) at the beginning of the
last section:

M = CuM®
(4.1) |
M.

We would like to adjoin to the twistor space Z(M) the family of "lines”

(4.2) e}, [Fled,
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which can be depicted by the diagram

2(C)
(4.3) P () =1, / \w*(z):cm
C q

so that diagram (3.22) is completed to a diagram
ZM)U Z(C) = Z(M)
(4.4) pl pl > i) =M,
MY U C q
where M, z € ¢, is a fine component of the moduli space of torsion-free stable
sheaves on the Kéahler surface S,, and Z(M) is a smooth compact complex
manifold.

REMARK. We shall identify the original algebraic surface S with the fibre
of the morphism 7 of the twistor bundle (1.19) over a point zg € ¢, and we
shall omit the indices: M = M., C = C,, M° = M?, and so on.

To construct Z(M) it suffices to complete the family of physical anti-

instantons of the form (3.28) using torsion-free sheaves F on the twistor space
Z(S), each of which gives a family of torsion-free sheaves:

(4'5) ﬁ|Sz =F, [FZ] €eC,, zegq,

on the family of surfaces S, z € ¢, (1.19).
The sheaf F on Z(S) determines a o-real line if and only if

(4.6) Exty, (F,F) =CN @ 0,(1)

(see [11] and (1.1.23) in [24]), [F|s] € C C M, and for the standard exact triple
on Z(S)

(4.7) 0—>F —» F* —» O(F) —» 0,

where F'** is the reflexive span of ﬁ, we have the following

Proposition 4.1. If F' determines a o-real line which compactifies Z(M),
then F** = Eo is a physical anti-instanton on Z(S), and SuppC(F) =
U p Y (=i(F)), where {x;(F)} are the points (2.3).

i=1
ProoF. On the surface S = Sy the sheaf F' = F is the limit of a sequence

of bundles E;, i — oo, [E;] € MY (see (4.1)). Let {a;}, i — oo, be a
sequence of ASD connections in M = M? which converge to the point [F] € C.

By Uhlenbeck’s weak compactness theorem, one can choose a subsequence
{aj}, j —— o0, of the sequence {a;} which, after a suitable gauge transfor-
mation, converges to an ASD connection

(4.8) o € Migp(c2(F) = h°(C(F)))
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(see  (2.29)) uniformly (with bounded curvature norms) over
S — {z1(F),...,zn(F)}, where {z;(F)} is the set of points on S where F
is not locally free (see (2.3)).

The ASD-connection (4.9) determines a physical anti-instanton Eo on Z(S)
whose restriction to each fibre S, coincides with F*, i.e., E. = F** and

n

(4.9) Supp C(F) = | p~ ! (w:i(F)).

i=1

REMARK. In the framework of the theory of sheaves on the three-dimen-
sional manifold Z(S) one can show that for a torsion-free sheaf F' the single
condition (4.6) is sufficient for the reflexive span to be locally free. To con-
struct a sheaf F which gives a "real line”, it now suffices to describe the local
components

(4.10) c(F)i,  Supp C(F); = p~ (zi(F)),
in terms of the local components C(F); (see (2.3)) and the local epimorphisms

which give the families of equipped clusters of rank r (see (2.7)).
We divide the procedure for constructing F' into three steps:

1) lowering the rank of the cluster;
2) lowering the local degree; and

3) making the construction in the simplest case, to which we are led by steps
1) and 2).

We first describe the procedure for a single fibre Sy of the bundle
Z(S) — q.

1. LOWERING THE RANK OF A CLUSTER. Let =, be a local cluster of the
sheaf F on S = Sy with zero defect, i.e., the local equipment ¢, (see (2.11)), is
an embedding.

We choose a flag V7 C Vo C --- C V, in the space V of the cluster’s
equipment. The image of these spaces determine a filtration Ay C Ay C --- C
A, of the Artinian sheaf A, in (2.7) and a sheaf filtration F; C F» C --- C
F,._1 C F, where

Then

(413) (V;/‘/Z_H) ®Os —_— Ai/Ai—l = Osi
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is a rank 1 cluster, i.e., a zero-dimensional subscheme £ C S (see Example 1 in
§2), and

(4.14) Fi/Fiy = Je,

is the sheaf of ideals of the subscheme &;.

Thus, locally in a neighborhood of « € S the sheaf F' can be represented as
a chain of extensions of sheaves of ideals.

2. LOWERING THE LOCAL DEGREE. A local cluster =, of rank r and defect
k determines a local cluster 20 of rank (r — k) and defect 0:

(4.15) (V/kerp) @ Oy — A, — 0

(see (2.11)), to which we can apply the rank lowering procedure, thereby re-
ducing everything to the case of rank 1 cluster. In that case the structure sheaf
O¢ is filtered by subsheaves of nilpotents

(4.16) N¢c NI c- o,
where Og /N is the ith order reduction and
(4.17) Je CJe, C--Cleg, , CO;

is the corresponding filtration of the sheaves of ideals of the subcycles of a fixed
order.
By a locally simple sheaf we mean a sheaf which has a local cluster of degree

1.
Given a sheaf F, we consider the exact triple (2.1) and apply the functor
Ext(F, ) to it:
(4.18) 0 — Ext’(F,F) — Ext’(F, F**) —
—— Ext’(F,C(F)) — Ext!(F,F) — Ext'(F, F**) —
—+ Ext}(F,C(F)) —2» Ext*(F,F) — 0.
We shall later see that in this case we may suppose that § is an isomorphism.

But it is obvious that the first monomorphism in this sequence is also an iso-
morphism. Hence, we have the exact triple :

(4.19) 0 — Ext’(F,C(F)) — Ext*(F, F) — Ext!(F, F**) — 0.

We compute the last term in this triple by applying the functor Ext( x, F**)
to (2.1):

(4.20) 0 — Ext!(F**, F**) — Ext!(F, F**) —
—— Ext?(C(F), F**) — Ext?(F**, F**) — 0.
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By Serre duality, we may change the end of this sequence so as to obtain the
triple
(4.21)

0 — Ext!(F** F**) — Ext!(F, F**) — Ext’(F,C(F))* — 0.

Thus, the space Ext!(F, F) in (4.19) is an extension of Ext' (F**, F**) by means
of spaces of the form Ext®(F,C(F)) and their duals, and these split into a sum

(4.22) Ext’(F,C(F)) = é Ext’(F,C(F);)

of local components. Furthemore, each local component splits into a sequence
of extensions of local components corresponding to simple sheaves.

We now pass from the fibre S to the entire three-dimensional manifold Z(S),
and make all of our calculations over the base q.

Suppose that all of the local components of F' have the form

we consider the local epimorphisms ¢; : Eoo —— Oy, — 0. Then in the
neighborhood U; of each line I; = p~!(x;) the sheaf F = ker % ©; has the form
i=1

(4.24) Fly, = (ker 3;) ® Oy, ® Jy,

where J; is the sheaf of ideals of the real line | = ;.
We now apply the functor Exto, (F, ) to the triple

(4.25) 0—sF —>Eo—> O, —0
1=1

and obtain the exact triple of bundles on ¢
(4.26)

O 7;6:91 EXt(()Qq (F,Oll) - EXt%Dq (FaF) - EXt}Dq (Fano) —— O,

whose fibre coincides with the exact triple (4.19).

To compute the last term of this triple, we apply the functor Exto_(, EOO)
to (4.25) and obtain

(4.27) 0 — Exty (Boo, Eoo) — Extfy (F,Ex) —
n 0 o~ * *
4» z‘iB1EXt Og(F, 01,)" ® Kz(5)/g — 0
where K754 = O4(—2) is the relative canonical class Z(S) —" s ¢ (see

(3.48)). (To interpret the last term we use relative Serre duality over q.)
Since F, is a physical anti-instanton, it follows by Lemma 3.1 that

4.28 Exth (Eso, Exs) = R'7m ad Eso = Noo ® Oy(1).
0, q



84 The twistor space 265

It remains only for us to compute the local terms in (4.26) and (4.27) for each
1. Each such term occurs as a direct summand in the first and last component.
Hence, it suffices to compute the local terms in a neighborhood of a single real
line [.

LEMMA 4.1

(429) EXt%q (ﬁ, Ol) = ker@ & Oq > NZCZ(S)~

PROOF. Since F locally has the form (4.24), it is obvious that the first
component in (4.29) occurs. It remains to compute Ext?gq (J1,0;). To do this,

we apply the functor Ext%q (Ji, ) to the standard triple
(4.30) 00— Ji — Oz — O — 0,
obtaining

0 — Ext, (Ji;, O) — Ext (Ji, J;) — 0

(4.31) I
Niczs),
which gives us (4.29).
COROLLARY 1.
(4.32) Extd, (F,00)" ® K} g)/y = ker @ Ny z(s).
COROLLARY 2.
(4.33) Exth,(F,F) = & kergi @€ & CY @ O,(1),

where each component of € is determined by the line l; and the vector v € ker @;
and can be represented as an extension

(4.34) 0—> Oy —> & — 04(2) —» 0.

In fact, all of the components of the extensions (4.26) and (4.27) have only
trivial extensions of one another, except for the components of the form

(4.35) 0 — Extd, (F,0)) — & — Ext), (F,00)" ® K}/, — 0,

where the first term lies in the first term of (4.26) and the second term lies in
the last term of (4.27).

LEMMA 4.2 The extension (4.34) is nontrivial.

ProOOF. We return to the fibre-by-fibre interpretation of the bundle (4.33),
its first components and Serre duality

(4.36) Ext!(F, F) — Ext'(F, F)*.
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Then it is not hard to see that the fibre of the elementary bundle (4.34) over
point z € ¢ can be identified with the tangent space to the surface S, at the
point z = 1N .S,. Hence,

(4.37) E=TZ(S)/qhi, 1=p ‘().

On the other hand, the restriction of the relative tangent bundle satisfies:

(4.38) TZ(S)/qli = Nicz(s)y = Oi1(1) © Oy(1),
i.e., the extension (4.34) is nontrivial.

COROLLARY.
(4.39) Exty, (F, F) =CN @ Oy(1).

In the simplest case we have thereby constructed the real line F which
compactifies Z(M).

In the general case, when [F] € Cy(k), (2.41), we apply the procedure for
lowering the local degree (see (4.15) — (4.17)). At each step of this procedure
only components of the form O,(1) can appear in Extéq (F,F). On the other
hand, procedure for lowering the rank of a cluster leads to a representation
of the components of Extbq (F, F) as an extension of components of the same
form Og4(1).

Thus, in the general case we also have the decomposition(4.39). We thereby
obtain the compactification (4.4) of the twistor space Z(M), and so have proved
our basic result.

THEOREM 2. The hyper-Kahler structure on a component of the moduli
space MO of stable vector bundles that is induced by the hyper-Kdihler structure
on S extends to a hyper-Kahler structure on the fine component M of the moduli
space of torsion-free stable sheaves on S.

§ 5 Concluding remarks.

In the case when the surface S has positive or negative canonical class
K, there does not exist a geometrical (twistor) characterisation of the special
metrics on the multidimensional components M of the moduli space. However,
here we shall describe an indirect way to obtain such a characterisation. In the
case K < 0 the method is based on the

CALABI EFFECT. A Kdihler structure (X,w) induces a hyper-Kdhler struc-
ture on the cotangent bundle T*X.

Calabi first discovered this effect by studying the example of projective
space [3].
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In the same way as symplectic reduction modulo the action of U(1) on C"
by homotheties with the standard Hermitian structure on C" gives the Fubini-
Study Kihler structure on P*~1, the same action of U(1) on C" x (C™)* leads
to the Calabi hyper-Kéhler structure on T*P"~1 (see [6]).

Hitchin applied hypersymplectic reduction to observe the Calabi effect in
the case when X = N is the moduli space of stable bundles with fixed deter-
minant on a curve, and wp_yy is the Kéhler form of the Weil-Petersson metric
on N [6].

The Hitchin structure on T* N is obtained as the hypersymplectic reduction
of the standard flat hyper-K&hler structure on the cotangent bundle of the affine
space of semiconnections modulo the action of the infinite-dimensional gauge
group [6].

This construction has a direct generalisation to the case of a moduli space
of sheaves on a surface.

Let M be a fine component of the moduli space of K*-stable sheaves on
S, and let M° C M be a component of the moduli space of bundles. Let
w be the Kahler form of the Calabi-Yau metric on S, and let gy _p be the
Weil-Petersson metric on M°. Then one has

THEOREM 3. The Weil Petersson metric gy _p on M induces a hyper-
Kéhler structure on T*MP°, and this structure extends to a hyper-Kdhler struc-
ture on T*M . The image of the embedding of M into T* M as the zero section
1s a totally geodesic submanifold of the hyper-Kdhler manifold.

In the case K, > 0, instead of the cotangent bundle T* M . M, one

must consider the bundle HM —— M , where HM 1is the moduli space of
Higgs bundles (i.e., pairs (E,¢ : E —— E ® T*S)). This leads to analogous
constructions and results.
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To I.R. Shafarevich

Introduction.

A mathematical c-instanton is, by definition, a vector bundle F' on a pro-
jective space P3 = P(T), T = C*, with the following properties:

1) rkF =2,

2) a(F)=0, c(F)=c,
(0.1) 3) h%F) =0,

1) W(F(-2) =0,

(we refer to the papers [3], [4], [1] for the background and for a discussion of
related topics). For any c-instanton F, dim H!(P3, F(—1)) = c.

Let H = C™ be a vector space over C and H* = Homc(H, C).

Definition 1. A pair (F,), where F' is a mathematical c-instanton and

HY(F(-1)) —~ H*

is a monomorphism, is called an H-marked c-instanton. A pair (F,) is called
an exactly marked c-instanton, if i is an isomorphism.

Let M, denote the moduli space of mathematical c-instantons, and let
M_.(H) denote the moduli space of H-marked c-instantons.

If we attach to every pair (F,i) its image i(H'(F(—1))) C H*, we have a
fibering

(0.2) Ye: M (H) — G(e,n),

with the Grassmann variety of c-subspaces of H* as a base and the moduli
space M.(u) as the fiber over a point u € H*.

The group GL(n,C) = Aut H acts on M,(H) and defines a principal
GL(n, C)-bundle:

(0.3) m: My(H) — M,
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over the moduli space of n-instantons. Consequently, these moduli spaces are
birationally equivalent to direct products:

M, (H) % M, x GL(n,C)

M,(H) ™ M, x GL(c,n) x GL(c,n) x GL(c,C)

and the moduli space M.(H) has as many components as M. has. Moreover,
the unirationality of M, is equivalent to the unirationality of M.(H).

There is a certain way to embed all these spaces M. (H) into the same vector
space A’T* @ S?H* (§1), and any H-marked n-instanton is a superposition of
marked 1-instantons (or half-instantons, see Definitions 2 and 3). In this paper
we describe the properties of such superpositions.

§1 M, (H) as Determinantal Locus (Determinantal Variety).

Let (F,i) € M,(H) be any exactly marked n-instanton. A vector bundle
F is a cohomology bundle of a complex of bundles over P3 = P(T), where
T =C%):

(1.1) 0 — HROp7)(—1) == H*@QP(T)(1) — C*" 2@ Opr) —> 0,

where QP(T) = (TP(T))* is the cotangent bundle of P(T).
For the dual complex

(1.2) 0 — C*" 2@ 0p(r) —= HITP(T)(~1) —+ H*®@Op1)(1) — 0,

the initial part of the corresponding cohomology sequence

(1.3) 00— 22 M) gop M) g pr

is exact, and defines a homomorphism
- L I‘(a*) * *
aFyi): HRT —+ H* QT

of rank 2n + 2. This homomorphism can be considered as an element of the
space T* @ T* ® H* ® H*. Hence we may identify such homomorphisms with
the corresponding elements of the tensor space.
On the space T* ® T* ® H* ® H* there are three involutions *, %y and #p:
stteot?eohrteohr?)=t*ct' @ h? @ h!
spttet?oht oh?) =t'@t* @ h* @ ht
sr(t' @t @h @h?) =t @ h' @ b2
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These operators commute pairwise, and

(1.5) * = kp kT

The tensor o = a(F, i), (F,1) € M, (H) has additional symmetries:

(1.6) ot = —a.

(this follows from Serre duality and the existence of a skew-symmetric form
F 1+ F*,

which induces an isomorphism H(F(—1)) = H'(F*(-1))),

(1.7) o'l = —«

(this follows from the representation of F' as the cohomology bundles of the
complex (1.1)). So we have a(M,(H)) C S?H* @ A>’T*, and «o(F,i) is a
hypernet of quadrics in H (see [7], § 1, where some different interpretations of
this notion are given).

Conversely, a tensor o € S?H* ® A?T* is of the form a(F,i) if and only if

(o) rtka=2n+2

(a1)  the homomorphism (t; Aty) ® H —— H* is an isomorphism for
some t1,to €T

(az) () ker((to At)® H ==+ H*) = 0 for every vector to € T
teT

An arbitrary homomorphism o : H ® T' —— H* @ T™, tensored with Op(ry,
can be included in commutative diagram

*

H e TP(T)(~1) H* @ Opry(1)

N e

7

H@OP(T)(—l) H* ®QP(1).

This diagram can be completed by a homomorphism a* if and only if the
homomorphism o' : H ® Op(r)(—1) — H* ® Op(7)(1) is zero. If we consider
this homomorphism as a tensor o’ € S?T* @ H* @ H*, then we have

(1.9) 20/ = a+a’".

Therefore, « is #p-skew-symmetric if and only if there exists a homomor-
phism a* in (5).
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We have, then, a complex
(1.10) V ® Opiry — H@TP(T)(~1) —— H* © Op(1y(1),

where V = H(kera*), and ¢* is the natural homomorphism of sections.

If F is the cohomology sheaf of the dual complex, then the property (as)
is equivalent to F' being a bundle, and the property (a7) is equivalent to the
existence of an exact H-marking of F', together with rk F' = rk o — 2n.

Consequently, any tensor a € T* @ T* ® H* ® H* with o7 = —a and the

property
(af) : { ﬂ ker(a: (to At) ® H — H™*) doesn’t depend on to} ,
teT

defines H-marked bundle F, which is the cohomology sheaf of the complex
(1.1). Hence

Proposition 1.1. a: M, (H) — S?H* @ A>T* is an embedding.

The variety o(M,,(H)) is a linear cone in A2(H ® T)*, and we can pass to
its projectivization Pa(M,,(H)) C PA?(H @ T)*.

Proposition 1.2. Pa(M,(H)) contains a Zariski open subset of the com-
plete intersection

(1.11) Moy o = Q"2 NP(S2H* @ A*T)
in the projective space P(A?(H ® T)*), where
Q2 =la c P(AVY(H®T)*) | rka<2n+2}.

To prove this fact, it is sufficient to show that the conditions (@) and (aw)
are open and that 5n(n—1) of the linear equations « —a*T = 0 are independent
on Q2"*2, This means that

(1.12) dimPa(My(H)) = dim Q?""2 — dim ker(1 — *z).
But we have from (0.3) that
dimPa(M,,(H)) = dim M,, + dim PGL(n,C) = n* + 8n — 4.
On the other hand, dim Q2"*2 = 6n? + 3n — 4 ([6], 10.4.3), and we obtain the
equation (1.12).
So Ma,, 12 is a classical skew-symmetric determinantal variety of type®

(W dn, 4n|on o, [11n* +n —1]) .

The ideal sheaf of this variety has the resolvent of Lascoux—Jézefiak—Pragacz
(see [5] and the reference in that paper). However the reducibility of this variety

Isee [6, ch. X]
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presents an obstacle to obtaining information about it from the general theory
determinantal varieties.

The projective variety Mo, o C P(S2H* @ A2T*) (1.11) is a union of its
components

(1.13) Mayio = M,(H)UM° U MU M?,
where M,,(H) is the closure of a(M,,(H)), and where M? is the union of those
components on which the condition (o) is invalid.

The irreducibility of Ms, 12 was proved for n < 4 by W. Barth ([1]). In the
paper [7] the existence of a subvariety of dimension n? — 1 + % of MO is
proved. Therefore M° is non-empty for n > 12. I. Artamkin has observed that
M is non-empty for n > 9, and so is M? for n > 12.

To check this it is sufficient to consider any tensor w € S2H* ® A2T* of
rank 2 and all the superpositions « +w, where a belongs to the component M°
of dimension n? — 1 + %. We obtain a subvariety in M?, whose general
point satisfies the conditions (o) and (a;) and whose dimension is greater
than the dimension n? + 8n — 4 of M, (H).

This shows that we have obtained a component of M?2.

§ 2 The Superpositions.
The filtration
(2.1) PA2(HT)* =Q"> ... 202505 ... 50%=G(2,4),

of the projective space PA%2(H @ T)*, where Q% ={a € PA2(H®T)*|[rka < 2k},
induces the filtration

(2.2) PS2H* @ A°T* = Myp O -+ D Maopio D Moy D --- D My,

where Mo, = Q** NPS?H* @ A2T*. Any o € Q2 is a superposition of k
matrices of rank 2:

k
(2.3) o= Zwi, w; € 02

i=1

(the dimension of the variety of such decompositions is 2k(k — 1)). Geometri-
cally, Q¥ is the union of k-chords of Q2. (A k-chord is a linear envelope of k
points from 02.)(See [6], 10.4.5).

Definition 2. A decomposition

(2.4) a(F,i) = a(Fg,ix)

k=1
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is called a representation of the marked instanton as superposition of marked
instantons.

Definition 3. A hypernet w € Q2 is called an H-marked half-instanton.

Any marked l-instanton is a superposition of two marked half-instantons.

Proposition 2.1. 1) The space of marked half-instantons is a direct prod-
uct: My = G x P(H*), where G = G(2,T) is the grassmannian of lines in
P(T).

2) The embedding G x P(H*) = My C PS?H* ® A*T* is defined by all
sections of the sheaf p;Oc(1)®@p3Op(p+)(2), where py and py are the projections
of the direct product on its factors.

3) The moduli space of H-marked 1-instantons is a direct product:

My (H) = (PA*T* — G) x P(H*) C PA*T* ® S*H*,

where the projection of Mi(H) on P(H*) is the map (0.2).
4) The closure My(H) C PA*T* @ P(H*) lies between two elements of the
filtration (2.2):

My C Ml(H) C My.

5) Opszu-gazr-(1) |55 = P10pazr+ (1) @ p3Op(a+)(2).

To prove these facts, it is sufficient to point out that if o € Hom(A?T, S?H*),
then rka > 2rk a(to A t1) for every t¢1,ts from T. Consequently, if rka = 2,
then rk a(tgAt;) = 1, and the projectivization P(a(tgAt1)) does not depend on
to,t1 € T. Hence o = k@ h?, k€ A’T*, he H* But tkk®h? =rkk, and
consequently, rk £ = 2. From this the assertion 1) follows. The other assertions
are proved along the same lines.

COROLLARY. Any H-marked instanton F' is a superposition of marked half-
instantons and is a superposition of marked 1-instantons.

Indeed, PA?T* @ S?H* is the linear envelope of My and M;(H).

Definition 4. If € A2T*, kAk =0, h'¢c€ H*, ahypernety = xk®@h'-h?
is called a marked quasi-instanton.

Any marked quasi-instanton v = £ ® h' - h? is a superposition of two half--
instantons

(2.5) 2@ h' -h? =k ®@h% —Kk®@h%:, hy=h'+h
Definition 5. Any mathematical instanton F' defines three numbers
(h(F), d(F), q(F))

as follows:

h(F) is the minimal number of terms in a decomposition of the exactly
marked instanton (F) %) into half-instantons. The numbers d(F') and ¢(F') have
the corresponding meaning for decomposition into 1-instantons and quasi-in-
stantons.

REMARK. These numbers do not depend on the choice exact markings.

The functions h(F'),d(F) and ¢(F) are semi-continuous on M,,.
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Evidently 2¢(F) > h(F) < 2d(F), h(F) 2n+1and d(F) > n+ 1.

The behavior of these functions is rather complicated.

Proposition 2.2. h(F) = co(F)+1 if and ouly if F' is a t’Hooft-instanton,
that is, H°(F(—1)) # 0.

Indeed, if (F, ) is an exactly marked n-instanton and

n+1
(2.6) a(F,i)=> r;®h, ki €N*T*, kiAk;=0, h;€H"
i=1

then every k; defines a projective line L; C P(T). For any projective plane
P2 O L; F|p2 is not a stable bundle, that is, there exists s € H?(F|pz), s # 0,
and (s)o = U (L; NP?). Hence F(1) has a section vanishing on each Lj,
i#]
i=1,...,n+1.
Conversely, if F'(1) has a section, vanishing on these lines L;, then, fixing one

L4, we can define by the other lines Lo, ..., L,11 a f-commutative hypernet g
n

(see [7]), such that a(F,i) — g = k1 ®@h3, where Py = Ly and ag = > Kk; @h?.
i=2

COROLLARY. Ifn > 3, then Inax h(F) > n+2.
€My

A trivial calculation shows that for n > 13,

max d(F) >n+2, max ¢(F)>n+3,
FEM, FEM,

and so on.
Any tensor « of the space T* ® T* ® H* ® H* has the decomposition:

a0 = ai—&—a:—i—af—i—a;

of = a+a'”+a™ +ar € ST ® S*H*,
(2.7) a” = a-—a'T —a* +a* € A°T* @ A’H*,

al = a+4a'T —ao*H —a* € S?TF @ A2H*,

of = a—o'T +a' —ao* € A*T* ® S*H*,

where 1, %y and * are the operators (1.5).

Notice that for any o € T* @ T* @ H* @ H*, rank « is the rank of the
corresponding homomorphism T® H — T ® H*.

Any tensor £ of rank 1 is defined by two homomorphisms

pi: T — H*, i=1,2, and

(2.8) d
EWl,@2:@1®@2:T®Tg’H QR H*.

If {t;},i = 0,...,3, is a basis of T and {t'} is the dual basis of 7%, then
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such a tensor has the following components (2.7):

o= Zt 7 ® [p1(ti) - 02(t;) + 1(t5) - @2(t)];
& = gjj A @ [p1(t:) A pa(ty) — 1(t;) A pa(ts)],
CO e = S P lat) Al +erlt) At
¢ = jzj:]tl A @ [p1(ti) - p2(ty) — @1(t;) - alts)].

The last component | is a superposition of 12 quasi-instantons, or of 24 half-
instantons.
Any tensor a € T* @ T* ® H* @ H* of rank 2n + 2 is a superposition

2n+2

a = Z @T#Sv rkgsaw;“ =1

k=1

of tensors of rank 1, and its (£)-component equals

2n+2
(210) a7 =YtAte (Z i t) - 95 () — () sofz(tz-)) .
k=1

i<j

If « € A’T* @ S?H*, then o = o and (2.10) is a decomposition of it into
24(n + 1) quasi-instantons, or 48(n + 1) half-instantons.
Thus we obtain trivial estimates of the numbers h(F) and ¢(F):

q(F) <24(n+1), h(F)<48(n+1).

But we have a more exact geometrical result:

The components £~ and {7 (2.9) of the general tensor £ of rank 1 are -
skew-symmetric and have the property (a4) of § 1. According to construction
(1.8), they define H-marked bundles over P(T).

Let ad TP(T) be the adjoint bundle to the tangent bundle TP(T) of the
projective space P(T), i.e., the subbundle of End TP(T) of endomorphisms
with zero trace. We have an isomorphism

(2.11) HY'(ad TP(T)(-1)) =T,

and any monomorphism ¢ : T' —— H* defines the H-marking of this bundle.
By the well-known exact sequence for the tangent bundle of P", we have

Proposition 2.3. If ¢ : T —— H* is a monomorphism and &, , s the
corresponding tensor of rank 1, then

(2.12) (€p,o)~ = a(ad TP(T), ).

REMARK. The *g-skew-symmetry of a(ad TP(T'), o) is a consequence of the
fact that ad TP(T) has the orthogonal structure defined by the Killing-form of
ad TP(T).
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From now on we restrict our consideration to *-skew-symmetric tensors of
T*QT*® H* ® H*, that is, to the subspace
S*T* @ A°H* & A°T* @ S°H*.

Any x-skew-symmetric tensor w of rank 2 is defined by a pencil of homo-
morphisms T" —— H*, or by a homomorphism ¢ : T'® Wy —— H*, where
Wy = C? is a fixed 2-vector space. Such a tensor has a decomposition

2w = wh+tw,
(2.13) wh = WwHWT =w-—w e S?T* R A2H*,
wT = w-w'T =wtwH € AN2T*® S?’H*.

If %) is a monomorphism, then Wy, has the following geometric interpretation.

For the bundle ad TP(T) ® Wy, we have H*(ad TP(T) @ Wo(—1)) = T @ W,
and a homomorphism ¢ : T®Wy — H* defines an H-marking of this bundle.

Proposition 2.4. If ¢ : T ® Wy —— H* is a monomorphism and w, is
the corresponding tensor of rank 2, then

(2.14) w, = a(adTP(T) @ Wy, ).

REMARK. The *p-symmetry of w, is a consequence of the fact that
ad TP(T) ® Wy has a symplectic structure, defined by the tensor product of
the Killing-form and A2Wj.

Any tensor «, a* = —q, of rank 2n + 2 is a superposition

n+1
a:E Wi, w; = —w;, rtkw;=2.
i=1

From this we have

Proposition 2.5. Any ezactly H-marked n-instanton (F,1) is a superpo-
sition of n+ 1 marked bundles ad TP(T) @ Wy.

A general homomorphism v : T'® Wy —— H* can be specialized to a
homomorphism of rank 1:

V:T@Wy —> C— H*.
In that case, T 2 W defines the composition
(2.16) T > Wi =% Wy = T,
where kg is a standard skew-symmetric correlation. We get that
Ky =8 Ko -8 T —T%, /{wGAQT*, Ky A\ Ky = 0.
If C- hy =imvy C H*, the components (2.3) of the tensor wy, are

w;Z:O, szn@hfp.
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n+1
The superposition a = ) wy, for such ¢; is an H-marked t’Hooft-instan-
i=1
ton.

§ 3 The Special Superposition.

The group GL(n,C) = Aut H* acts on the final element Q2 of the filtration
(2.1). Consider certain orbits of this action:

IL.we M, C Q% w=r®h?is a marked half-instanton, and dim My = n+3.

ILteT* htc H* i=1,2,

w = t'et?ehr -2tk h! € Q?,
wht = tH-t2@ht AR,
w™ = t"At? @A~ h?is a marked quasi-instanton.

Let Q%l C Q2 be the subvariety of all such tensors w. Then
dim Qfp = 2(n + 2).

III. Let &, 00, @i = T — H*, ker p1=Kker ¢, dimker p; = 2 be a tensor
of rank 1 (see (2.8)), and w = &y, p, — :21,902 = (fwmaz)i + (fsomoz); (see
(2.7)). Then T/kerp; = Wy, (¢1,92) : Wo ® Ig — H*, where Iy = C?,
and wt : S2T 526 S2Wy — A2H*, w™ = Kk ® q, where ker k = ker ¢;, and
q=P(Wp) x P(Iy) is a quadric of rank 4 in P(H).

Let Q%H C 02 be the subvariety of all such tensors w. Then

IV. wy, ¢ : TQWy — H* (see (2.13)), dim (T ® W) = 4, and for some
wo € Wy the homomorphism ¥, = ¥|7xw, : T — H* is a monomorphism.

Let Q2%, C Q2 be the subvariety of all such tensors. It has the following
description. A homomorphism 1 can be interpreted as a pencil of homomor-
phisms:

T o
(3.1) 0 — T ® Opaw,)(—1) — H* @ Op(wy)-

In the general case, among the homomorphisms ﬂp, p € P(Wy) there are four
degenerate ones whose kernels define four points {p;} in P(T), ¢ = 0,...,3.
Any non-degenerate homomorphism Ep of the pencil (3.1) maps these points
on the four points {¢;} € P(H*). In view of this, we have a map:

(3.2) [0y — SYPB(T) x P(H)"),

by which the points (p;, ¢;), i =0,...,3, are attached to a sheaf (3.1).
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To describe the fiber of this map it is sufficient to restrict oneself to the
case H* = im1). The points {p;} in P(T") and {¢;} in P(H*) define the decom-
positions of the corresponding spaces into a direct sum of 1-spaces:

3 3
i=0 i=0

Using the components of these decompositions, we can construct a new
4-vector space:

3
(33) T{pi7qi} = ‘EPO L;® Mi*'

Proposition 3.1. The points of the fiber of the map (3.2) are in one-to-one
correspondence with the projective lines L C PTy,, 4.3

Indeed, a pencil of homomorphisms (3.1) can be decomposed into a direct
sum

0 — L; @ Opqyy) (—1) —2 M
(3.4) — 3
Y = Zﬂjo U;.

Each 1-pencil is defined by a monomorphism ¢; : L; — W3 @ M;, which we
can interpret as monomorphism ¢, : L; ® M} — W{.
Adding these monomorphisms, we obtain an epimorphism

3
(3.5) (N ‘6_90Li ® M — Wi — 0.

This epimorphism defines a skew-symmetric correlation

P ) P %
(3.6) T{pi’qi} WO N M{O T{piv(hi}’
K=1"Ko P*,

where kg is a standard skew-symmetric correlation of Wy (see (2.16)).
COROLLARY.. The fiber of the map f (3.2) at {p;, qi} is given by

fﬁl({pivqi}) =GC PA2T{*P7¢,Q7:}’

where G is the grassmannian variety of lines in IP’Tf‘pi al

REMARK. A choice of basis {h'} in H* such that P(h') = ¢; defines iso-
morphisms M; = C and, by this, an isomorphism 7" = Ty, ,.v. Analogously,
a choice of a basis {t;} in T, such that P(¢;) = p;, defines an isomorphism
Tfp“qi} =~ H*. Consequently, if the four points ¢; = ¢ coincide, then the
isomorphisms M; = C define an isomorphism P(T') = P(TY,, 4,3) and a line
L C P(T), which is the line corresponding to a half-instanton (2.16).
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The components of the correlation (3.6)

T{pi;Qi} Tfpi,qi}
| — I
3 3
& Li® M & Li @ M;,

can be interpreted as homomorphisms

They can be collected together to form a homomorphism

3 3 3 3
(69 Li>®( Li> (69 Mz>®< Mz)
i=0 i=0 i i=0 i=0

(39 || d ||
TRT H*® H*.
‘We obtain
wo = AT =& LAL v & MM =S2H*,
i< i<J
(3.10) Li ®Lj - > é\{z ®Mj7
w+ = SQT:@LZ®L]4> 69]\47;/\J\4'j:Azfil*7
i<y i<j

Pt —R R
Ry =Rijt+Rji

Li®L; M; ® M.

3
COROLLARY. kerwt = & L2
i=0
From this follows
Proposition 3.2. The variety QZIV is birationally equivalent to a direct
product:
bir *
Ofy ~ G x S*(P(T) x P(H")),
and
dim Qfy; = 4(n + 3).

Ifw e QQIV’ then its parameters will be denoted by symbols, {p;}w, {4 }tw,
Tw = T{pq‘,,%}’ Lw C P(Tw).

Let us fix the quadruple of points {p;} in P(T") and consider the subvariety
Q%pi} C Q%V defined by

(3.11) 02, = {w € Oy | {pite = {pi}} :
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Then
. 2 _
dlmQ{pi} = 4n.

Definition 6. If D C Q2 is any subvariety of Q2, then a formal sum

n+1
(3.12) > wi, wi€D,
i=1

defined up to a multiplicative constant, is called a D-superposition.
By the symbol S(D) we denote the variety of the all D-superpositions.
From this definition it follows that S(D) is birationally equivalent to a direct
product

(3.13) S(D) 2 P x §"Y(D),

where S"1 denote (n + 1)-th symmetric power of our variety.
n+1
Associating the tensor a = w; € P(A2(T ® H)*) to the formal sum
=1

2

(3.12), we define a map
(3.14) a:S(D) — PA*(T ® H)*,

and the projections on components ot and a (2.7) provide maps:

S(D) <s P(S2T* @ AH*)
(3.15) . ’
S(D) 2 P(A*T* @ S2H*).

These projections define a subvariety S~(D) C S(D) by

n+1 n+1
(3.16) S™(D) = {Zwi € SD)|a™ (> wi) = o} .
i=1 i=1

Finally, the image o~ (S~ (D)) C Ma,12 belongs to the (2n + 2)-th element of
the filtration (2.2). Applying this construction to the orbits I - IV in 2, we
obtain the following;:

I o= (S™(Mz)) C My(H) is a subvariety of exact marked t'Hooft instan-
tons.

1I. Since a‘(S‘(Q%I)) D a (S (Ms)),
(3.17) a”(S7(Qf) € My (H)

is a subvariety of exact marked instantons which are the superpositions of
(n + 1) quasi-instantons.

Analogously
a‘(S‘(Q%H)) C  My(H),
o (S(03) < ML),
a*(S*(Q%m})) Cc M,(H)
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Proposition 3.3. The variety a_(S_(Q%pi})) is the component of M, (H)
containing t’Hooft instantons. The dimension of the fiber of the map o~ over
a point of o~ (S~ (Q%pi})) is not more than 4.

Indeed, by (3.13), dim S(Q%pi}) = 4n? + 5n. By the corollary to (3.10), a
subvariety S~ (Q%pi}) C S(Q%pi}) (3.16) is defined by no more than 3n(n — 1)
equations. From this we get

dim S™(Q7,,;) = n” + 8n.

Careful checking of the second assertion of our proposition concludes the proof.
For small value of n the conditions

n+1

+ _ . 2
Zwi =0, wie€ Q{pi}
i=1

have a simple geometrical meaning. In this situation the direct geometrical
constructions provide

Proposition 3.4. The variety S™(Q? ) is unirational for n < 6.

This proves the unirationality of M, and also of the component of Ms,
containing the t’Hooft instantons.
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Delzant models of moduli spaces

For every genus g, we construct a smooth, complete, rational polarized
algebraic variety D M, together with an effective normal crossing divisor
D = U D; such that for every moduli space M (2, 0) of semistable topo-
logically trivial vector bundles of rank 2 on an algebraic curve X of genus g
there is a holomorphic isomorphism f: M=(2,0)\ Kg — DM4z\ D,
where K is the Kummer variety of the Jacobian of X, sending the po-
larization of DMy to the theta divisor of the moduli space. This iso-
morphism induces isomorphisms of the spaces H°(Msx(2,0), ®") and
H°(DM,, H*).

Izvestiya: Mathematics!, 67:2, 2003, p. 365-376.

1Editor’s note: published posthumously.



Introduction.

At the last meeting of GAEL,? Oxbury asked for a ”topological” identifi-
cation of the moduli space Mx(2,0) with complex projective 3-space CP3 for
any curve X of genus 2. To understand the problem, we recall that, as a real
manifold, this moduli space is the space R€(m (X)) of representations classes
of the fundamental group 71(X) in SU(2). The problem is to recognize CP? in
terms of this space.

By standard arguments of algebraic geometry, every complex structure on
a compact Riemann surface ¥ of genus 2 induces a complex structure on
RE(my (X)) regarded as the moduli space Mx(2,0) of semistable rank 2 holo-
morphic vector bundles with trivial determinant. The space R€(m; (X)) with
this complex structure is precisely CP3. But we want to identify R€(m (X))
directly with projective 3-space.

In particular, we claim that

1) as an algebraic variety, the moduli space Mx(2,0) is independent of the
complex structure on X;

2) the moduli space Mx(2,0) is rational, and

3) the spaces of conformal blocks (that is, holomorphic sections of the po-
larization) is independent of the moduli of the curve.

The space RE(m (X)) of representation classes of m1(X) in SU(2) admits a
canonical symplectic form €2, which is defined in a purely topological way (see
[2]). Hence we can apply symplectic arguments or, more precisely, arguments
from the theory of Hamiltonian torus actions, that is, symplectic toric geometry
(see the monograph [8], which is our main reference for technical details).

We recall the set-up of the theory of toric manifolds. Let (M,w) be a
symplectic manifold of dimension 2n with a smooth Hamiltonian action of the
n-dimensional torus 7", that is, there is a map f: T" —— Diff M such that

2Géométrie algébrique en liberté (9th edition, 19th-23rd March 2001), the school organised
by EAGER, EU project contract no. HPRN-CT-2000-00099.
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the actions of the images preserve w. Then the action-angle coordinates define

the moment map
m M — ACR",

whose image A is a convex polyhedron in Euclidean n-space. This polyhedron
contains complete information on the symplectic geometry of (M, w), that is,
A determines the manifold, the symplectic form and the T"-action (see [1]).

Moreover, if (M, w) is prequantized (see [8]), and M has a Hodge structure
with Kahler form w, then this Hodge structure can also be reconstructed.

The space RE(m; (X)) also admits a well-known Hamiltonian action of 73973
(see, for example, [7]). The differences in properties seem at first sight to be
very slight:

1) for g > 2 the representation space RE(m (X)) is singular,the singular
locus being the Kummer variety

Sing RE(mi (X)) = K, = RYW/ + id,
that is, the space of U(1)-representations of 71 (C) up to +id, and

2) our (3¢ — 3)-torus action is smooth only over interior points of A and is
continuous everywhere.

For example, if g = 2, then the space R€(m (X)) admits an action of T3,
and the image A of the moment map of this action is the tetrahedron

0 S ti S 1, Z = 1,2, |t1 — t2| S t3 S min(t1 +t2,2 — tl — tQ) (11)

in the standard Euclidean space R? with coordinates t1,to,ts. This is a partic-
ular case of the Delzant tetrahedron (see [8]). It uniquely determines the Hodge
Delzant variety DMy, which is just CP?, and the distinguished divisor is U CP?
for i = 0,1,2,3 (four planes in general position). We call this projective space
the Delzant model of RE(m1(X)).

Using the complex structure on R€(m1(X)) given by a complex structure
on Y and applying the equivariant Darboux—Weinstein theorem, we get a holo-
morphic map

DM, \ _QOCP’? e Mz (2.0)\ Ka. (1.2)

Although DM, and Msx(2,0) are isomorphic to P? as rational algebraic va-
rieties, this map cannot be extended to a holomorphic identification CP3 =
DM, = Mx(2,0). Instead, we turn to birational (symplectic) geometry.

The purpose of this paper is to construct a Delzant model for any genus with
the properties described in the abstract. The case of genus 2 paves the way for
this. Our construction also gives a finite chain of elementary “birational” trans-
formations (flips) thast send the Delzant model DM, to the rational variety
(CP3)9~1 just as for toric varieties in algebraic geometry (see [5]).

The idea for constructing the Delzant models comes from Donaldson [3],
where a close cousin of DM, was constructed in the odd (smooth) case Mx(2,1)
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by imitating a moduli space to explain the appearance of Bernoulli numbers in
the Verlinde formulae. In the even (non-smooth) case, our construction is close
to that of Jeffrey and Hurtubise [12]. It is almost obvious that DM, coincides
with the variety PP of Hurtubise and Jeffrey but no direct proof has so far
been published.

§ 1 The toric structures on RE(my(X)).

Let ¥ be a smooth Riemann surface of genus g with fundamental group
m1(X) and let C be a simple closed curve on 3. We have the so-called Goldman
function on RE(m(X)):

co: RE(m (X)) — [0, 1] C R.

It sends a representative p € R€(7m1 (X)) to the number

~eos (3101 € [0, 1),

where [C] is the homotopy class of C'. Goldman [2] proved that c¢¢ is a Hamil-
tonian function of a U(1)-action on RE(m; (X)) with respect to the canonical
symplectic structure Q. (An exact formula for this action in simple geometric
terms is given in [3]. Moreover, if Cy and Cs are two disjoint curves, then

{Ccl ) CC'z} =0,

where the Poisson bracket is again taken with respect to 2. In particular, if
[C1] # [Cs], then we obtain a Hamiltonian action of the 2-dimensional torus
T? = U(1) x U(1) on the space R&(m(X)). Adding a third curve, we get an
action of the 3-dimensional torus, and so on. Of course, this process terminates;
it is well known that any maximal set of disjoint homotopy inequivalent circles
consists of 3g — 3 curves. We fix one such set,

{Cl, ey 03973}.

The isotopy class of such a set of circles is called a marking of the Riemann
surface. It is easy to see that the complement of this set is the union

2g—2
Eg \ {Cl,...703g,3} = igl P,L

of 2g — 2 trinions P;, where each trinion is a 2-sphere with 3 disjoint discs
deleted:
P =5\ (D UDyUDs). (2.1)

Such a representation of a Riemann surface is called a trinion decomposition.
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Thus, a trinion decomposition of 3 is given by the choice of a maximal set of
disjoint, non-contractible, pairwise non-isotopic smooth circles on 3. Such a set
consists of 3g — 3 simple closed circles C1,...,C34_3 C ¥4, and its complement
is the union of 2¢g — 2 trinions P;. The type of such a decomposition is given by
its trivalent dual graph T'({C;}), which associates a vertex with each trinion P;,
and an edge between P; and P; with every circle C} such that C; C P, NOF;.
Hence the isotopy class of a trinion decomposition is given by a trivalent graph
I" of genus g.

On the other hand, every trivalent graph I' with vertex set V(I') and edges
set E(I') determines a handlebody T, that is, a 3-manifold with boundary
or = X (a Riemann surface of genus g with a trinion decomposition). This is
done by the “pumping trick” (see [4]): pump up the edges and vertices of T to
tubes and small 2-spheres respectively. We get a Riemann surface X of genus g
with a tube € for every e € E(T") and a trinion o for every v € V(I"). The isotopy
classes of meridian circles of the tubes define 3g — 3 disjoint, non-contractible,
pairwise non-isotopic circles {C.}, e € E(I'), and a trinion decomposition of
3.

Thus every Riemann surface with a marking {C;} is completely determined
by a trivalent graph I' and so can be denoted by Y. For such a surface, we
have a map of the space of classes of representations to Euclidean space,

cr: RE(m1(8)) — R3973, (2.2)

with fixed coordinates (c1,...,c34—3) labelled by the elements of E(I'). This
map is given by ¢; = c¢,. The following assertions hold.

(1) The map cr is a real polarization of a dynamic system with phase space

(RE(m1 (%)), k- ).
(2) ¢; are action coordinates for this Hamiltonian system.
(3) cr is a moment map for the Hamiltonian action (not everywhere smooth)
RE(m1 (X)) x T2 — RE(m (X)),
which is described in [7].
(4) The image of R€(71 (X)) under cr is a convex polyhedron Ap C [0, 1]3973.

(5) The symplectic volume of R€(m1 (X)) is equal to the Euclidean volume of

A]_“Z
2-¢(29 —2)

39g—3 _ _
0 Vol Ar = =550

RE(m1 (X))
The functions ¢; are continuous on the whole of R€ (7 (X)) and smooth over
(0,1). We recall that the Hamiltonian torus action on J8€(7 (X)) is determined

by a closed trivalent graph I' of genus g. Summarizing, we have the following
set of geometric objects:
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the convex polyhedron Ar C [0, 1]3973;

the part of the boundary P, = dAr N 9[0, 113973 C JAr,

)
)
3) the part of the boundary of the convex polyhedron Px = cr(K,) C Ar,
) the open subset A% = Ar\ (P.UPg) C [0, 1]?973, and

)

the open toric space
orH(Ap) = RE(m1 ()" € RE(m (),
which is relatively compact with respect to the moment map

RE(m (X)) - AL

These geometric objects will be described in the next section.

§ 2 Combinatorial constructions.

Here we use the basic set-up of [6]. We recall that any closed trivalent
graph I' is determined by the set V(I') of vertices along with the ”incidence
quadratic form”as follows. Let ZY () be the free Z-module of all formal linear
combinations of vertices with coefficients in Z. (Of course, the set of vertices
is a distinguished basis of this module.) Then the incidence matrix gr is the
symmetric matrix whose entry o, ., is equal to the number of edges joining
the vertices v;,v; € V(I).

Of course, the symmetric group on V(I") acts on such matrices by permuting
rows and columns.

We recall (see [6]) that a graph I is said to be hyperbolic if there are subsets
Vi, V_ C V(T') such that the subspaces ZV+ are isotropic with respect to gr.
The matrix of a hyperbolic graph takes the block form

qr = (3-1)

* ¥ O O
* ¥ OO
O O ¥ *
O O ¥ *

where the blocks
(: I) € Homg(ZV+,Z"-) (3.2)

give an identification
x: Vy « Vo (3.3)



82 Combinatorial constructions 293

The edges set E(T") of a hyperbolic graph can be written as the disjoint union
of triples with a common vertex

ET) = U EI),

veEVL

where E(T'), is the set of three edges from the vertex v € V.
We now regard the Riemann surface ¥ as the result of pumping the graph
E(T') and consider the subset

E+ = U vC EI‘ = @] 1~],
veVy veVLUV_=V(T)
which is called a half Riemann surface L (see [6]).

All these constructions hold for any trivalent graph, not necessarily con-
nected. In particular, we consider the disjoint union

e l=0u---ue.
This trivalent graph of genus g determines the Riemann surface
Yoo-1 =X U Udg

which is the disjoint union of g — 1 copies of a Riemann surface of genus 2 with
the standard trinion decomposition corresponding to the graph O.

We fix one vertex in the trinion decomposition of each copy of Yg and
denote this set of vertices by V. C V(©971) and its complement by V_. These
sets generate submodules that are isotropic with respect to ggs-1. Hence the
graph ©97! is hyperbolic with the natural identification * sending a trinion @
with v € V4 to the second trinion of the component ¥g.

The half Riemann surface ©9~! is the union

Yi= U vCXgs-1,
U€V+

which precisely coincides with the half Riemann surface Xp:

XrD 2+ C 29971.
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8 3 Spaces of classes of representations.

The spaces R€(11 (X)) and (RE(m1(X)))?~! are symplectic spaces with toric
structures defined by the graphs I' and ©9~! (see § 1) and moment maps

cr: RE(m1 (X)) — Ar,
cos1: (RE(m (X)) — Ago1.

Proposition 4.1. The polyhedron Ages-1 is the direct product of g — 1
copies of the tetrahedron Ag:

Ags1 = [] Qe

veEVL

We can say more. Let m1(X;) be the fundamental group of the half of
Yos-1 and let RE(m (X)) be the space of classes of its SU(2)-representations.
This space admits the map

C32+3 9%@:(7‘(1(24_)) — A@g—l.

Proposition 4.2. The map cps, is an isomorphism.

The proof for g = 2 is contained in the proof of Proposition 3.1 of [7].
Thus our assertion holds for every component of the disconnected graph and,
therefore, for any genus.

Now embedding ¥ < Y induces the restriction map

r: RE(m1 (X)) — RE(m(X4))
and the map cr is the composite
Cr =T 0Cyx

because 0¥, is precisely the set {C.}, e € E(I'). We have the following
proposition.

Proposition 4.3. The polyhedron Ar is contained in the image of cpx, .
Thus, Ar C (Ag)9 L.

It is now easy to check the following well-known statement (see, for example,
[9], Proposition 3.3.5).

Proposition 4.4.

The polyhedron Ar is obtained by taking

1) the product of all tetrahedra corresponding to the trinions,
2) with linear constraints given by the gluing equalities of trinions.
COROLLARY 4.5.

1) Step 1) of Proposition 4.4 for Ar coincides with the corresponding step
for (Ae)?;
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2) We must replace the equalities in Step 2) of Proposition 4.4 by the corre-
sponding inequalities.

To describe the Delzant model, we must transform Ar into (Ag)?~! using
elementary transformations of polyhedra. The combination of these transfor-
mations corresponds to an induction over the genus. We carry this out below.

§ 4 Manipulations with moment polyhedra.

We first onsider a special trivalent graph of genus g, the so-called multi-
theta graph g© (see Figures 1-3 in [6]). This is a vertical oval O crossed by
g — 1 horizontal strings

{69717697...762973}. (51)

This graph is symmetric with respect to the vertical axis ag, and we denote
reflection in this axis by ig: g© —— ¢gO. There are g — 1 vertices

U17~-~,Ug—1 (52)

on the left-hand side of the graph, numbered from top to bottom. We choose
a half of the set of vertices by putting

V+ = {Ul,io(ﬂz),vg,’io(v4),...} (53)

and define the complementary half by V(g©) and V_ = ip(V4). Then ¢gO
becomes a hyperbolic graph (3.1) with isotropic subspaces Z* and identification
involution * = iy (3.3). The shape of this graph distinguishes the set of edges
on the left-hand side of O:

{er,ea, .. e | ei = d(vi) N D(io(viy1))}, (5.4)

and we see that these are the only edges that give non-trivial combinatorial
flips. Every such edge e; determines a coordinate t4 of R? and a coordinate
t5T of R?
3 i1

We now consider the case g = 3. Then the set of horizontal strings (5.1) is
{e1,e2} and the set of vertices (5.2) is {v1,v2}. The subset (5.3) is equal to

V+ = {'Ul, Z‘0(7)2)71)37Z.O(’U‘L)}

and the set (5.4) coincides with {e1}, e = d(v1) N I(ig(v2)).
We now describe the constraints 2) of Corollary 4.5. Consider the following
involutions of R% = R} x R3:

1) interchanging the 3-spaces: i12(R3) = R3, and

2) interchanging two coordinates in the 3-spaces R} and R3: i., (t3) = (t3).
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We recall that the constraints 1) of Proposition 4.4 have already been taken
into account:
-l <th<t+6, i=12

We now have to glue the trinions vy, vo along e;. We easily obtain the following
proposition.
Proposition 5.1. The constraints 2) of Corollary 4.5 are equivalent to the
conditions
6~ S <t +th, i#] (5.5)

This immediately yields the following theorem.
THEOREM 5.2. The moment polytope is given by

Aze = (Ae)? Nie, ((A6)?). (5.6)

Indeed, the involution i;o preserves the polyhedron (Ag)2. Hence (5.6) is
the geometric interpretation of the inequalities (5.5).
We recall that the tetrahedron Ag is the convex hull of the set .S of 4 points
in R3:
Ag = <(Oa 070)7 (07 1, ]-)7 (]-7 0, ]-)7 (17 1, 0)>

Hence (Ag)? is the convex hull of the 16 points S x Sy in RS = R$ x R3.
Proposition 5.3. The polytope Asg is the convexr hull of the 8 points

{6, %, 0,5, % 0)F U {(x, %", 1%, %, 1)} (5.7)

Here * means a free choice from the set * = {0,1} and ' = {0,1}. Indeed,
the inequalities t # t2 induces all the constraints (5.5).

A beautiful description of this situation comes from real algebraic geometry.
Let C be a real algebraic curve of genus g = 2 with real theta characteristics.
Its Kummer surface is a real quartic Ko with 16 complex-conjugate double
singular points {p1,...,p1e}, called nodes, in CP3. Near the real convex hull
of these points, the affine part of CP? is represented as R® = R3 x iR3. Then
the convex hull

(1., p16) = Aoz = Ao x Ap CR°

is the Delzant polyhedron of (CP3)? with the natural torus action. We recall
that there are 6 lines through every vertex p; and 6 vertices on each line, as
in the classical Kummer configuration 16¢. In these terms, one can see the
8 required vertices of the convex polyhedron Aszg. It is easy to make these
polyhedra integral.

We now argue by induction on g. The strategy is quite simple and natural.
We construct a sequence of polyhedra as a sequence of approximations of the
polyhedron Age:

1) the first approximation is (Ag)?~1;

2) the second approximation is (Ag)? ™2 x Asze;
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3) the ith approximation is (Ag)?~% x Aje, and;
4) the final ((g — 1)th) approximation is, of course, Agg itself.

Thus we can use induction on g. Note that we have the following objects
at the last step of the induction.

1) The polyhedron Ag X A(,_2)e C R? x R39=2) which corresponds to the
disjoint union O U (g — 2)0©.

2) The trinion v; in the second component A,_9)e. It is distinguished by
the previous inductive step as the lowest trinion of A,_3)e. Thus we
have the decomposition R3(972) = R} x R3(9=3),

3) Distinguished edges e € E(©) and e € E,,((g — 3)0), along which we
glue the Riemann surfaces g and ¥,_1)e-

4) Distinguished coordinate axes, the t3-axis in R® and the t}-axis in R},
which correspond to the edge e in different spaces with the standard
coordinates (t1,t2,t3) in R® and (¢!, t5,#) in R?.

The gluing conditions are exactly the same as in (5.5): in the notation just
described,
|ty —to] <th <ty +1g, |t —th] <ts <t 4]

The same argument as in Proposition 5.1 yields the following proposition.
Proposition 5.4. The polytope Ay is the convex hull of 29 points

{0, %,0,%, 57,05, ..., ) FU{(%, %, 1,5, %, 1, %,...,%)} ¢ R3O,

where x, ¥ and other symbols have the same meaning as in (5.7).

A slightly different description of the moment polyhedron as a subpolyhe-
dron of A% ™" was given by Florentino [10].

We recall (see, for example, [8]) that a convex polyhedron A C R™ is said
to be Delzant if, for every vertex v, there is an integral (n x n)-matrix A with
determinant £ 1 such that the map

teR® — At —v

sends a neighborhood of v € A onto a neighbourhood of 0 in R™. In other
words, a convex polyhedron A C R™ is Delzant if

1) its 1-skeleton (the union of its edges) is an n-valent graph I" (a topological
condition), and

2) theset E(T'), C E(T') of edges containing the vertex v € V(I") is a rational
basis in R"™.
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Of course, a direct product of Delzant polyhedra is again Delzant.

Proposition 5.5. The polyhedron Aye C R3973 is Delzant.

To prove this we again use induction on g. It is actually enough to consider
the case ¢ = 3. Here we have the unit cube C' = [0, 1]3 with 8 vertices.
To construct the tetrahedron A,, we consider the origin (0,0,0) and take all
vertices at a distance v/2 from it. The convex hull of these 4 vertices is our
tetrahedron Ay. We carry out the same procedure for R = R? x R3: choose all
vertices of the cube at a distance 2 from the origin and take their convex hull,
and so on. Finally, for genus g, the polyhedron Ao C R3973 is the convex
hull of vertices of the unit cube in R39~3 at a distance \/2g — 2 from the origin.
This yields all the polyhedra.

§ 5 The Delzant model.

We now have a precise description of the image of the moment map for
the Hamiltonian torus action on R&(w(X)). This polytope turns out to be
Delzant. Hence, by the main theorem of the Delzant theory, there is a smooth
algebraic variety DM, (the Hodge manifold) with a regular Hamiltonian action
of T3973,

Definition 6.1. The smooth algebraic variety DM, with the Hodge metric
is called the Delzant model of the space RE€(m1 (X)) (or M¢(2,0)).

The direct construction of this rational variety is described in many refer-
ences, but [8] is the best. The following list of its characteristic properties is
well known.

1) The smooth algebraic variety DM, has a canonical polarization H.

2) The dimension of H°(DM,, H*) can be computed as the number of 5--
integer points (that is, points with rational coordinates whose denomina-
tors are equal to 2k) in Age by the Duistermaat-Heckman formula ([8],
Ch. 3). This number is the Verlinde number and equal to the dimension
of the space of conformal blocks of level k£ and genus g.

3) The set of points (Age)ar = 5:Z°97% N Age = BS}, coincides with the
set of Bohr-Sommerfeld fibers of the fibration ca . (2.2) of level k.

In terms of symplectic geometry, the picture is given by two fibrations with
Lagrangian fibres over the same base:

CAg(—)

RE (71 (D)) —% Ago ~—— DM,, (6.1)

where m is the moment map of the regular torus action on the Delzant manifold.
It is appropriate to compare this configuration with ”mirror fibrations”.
We recall that the typical (hypothetical) set-up of the SYZ-mirror construction
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[11] also consists of two dual Lagrangian fibrations over the same base. We can
regard both fibrations as families of Lagrangian cycles with degeneracy.
The left-hand family

CAg(—)

RE(m (X)) — Age

has fibres of equal dimensions with singular fibres over the (3g — 4)-skeleton of
the base. The fibres of the right-hand family

DM, —5» Ay

are tori of different dimensions. Namely, let sk;(Agg) be the i-skeleton of 0A 4.
Then A
p € skilAg0) \ski1 (Age) = m~'(p) =T

is an i-dimensional torus. Moreover, every i-dimensional face F; defines a
projective subspace P!(F;) C DM, with an i-torus action, which is itself a
Delzant space. Thus the Delzant model DM, contains the configuration of
projective subspaces corresponding to the jump of fibre dimensions. This is
typical of the behavior of isotropic fibres for a prequantized dynamical system.

§ 6 Conformal blocks.

Thus, for every complex curve ¥ we have two compact complex polarized
varieties

(Mx(2,0), ©) and (DM, H)

with equidimensional spaces of sections
H°(Mx(2,0), ©%) and  H°(DM,, H*).

The following construction canonically relates these spaces. We first state a
simple geometric fact.

Proposition 7.1. The polyhedron Agje has a unique internal barycentre co
of central symmetry.

Clearly, both fibrations (6.1) have regular fibres over this centre. Near the
regular fibres cg_é (co) and m~1(cg) we can identify our toric spaces using equiv-
ariant Darboux—Weinstein coordinates. In particular, we identify the fibres

0;91(00) =m () =T33, (7.1)

The tori of both families are Lagrangian, and so the restrictions @l e (co)
o

and H|,,-1(c,) are trivial line bundles with flat connections which are gauge
equivalent. (The equivariant Darboux—Weinstein lemma can be extended to
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identify the line bundles with unitary connections under the identification
(7.1).) s

Summarizing, we have the torus 79" with a trivial line bundle and a flat
connection (Lo, ag) (a supercycle) and Lagrangian embeddings

RE(m1(T)) D a(co) < To?% < m™ (co) € DM,

such that the pre-images of © and H are equal to (L,a). Then the restriction
maps
H°(Ms(2,0),0%) — T™(Lo) — H"(DM,, H")

are embeddings and give the identification of the spaces of holomorphic sections.

Hence the neighbourhoods of non-singular points in the space R€(m (X))
with smooth torus action are modelled by the linear torus action on the complex
projective space as predicted by the equivariant Darboux—Weinstein lemma.

For singular points, we have to find new local models that generalize the case
of CP™.
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The geometry of moduli of vector bundles.

Russian Math. Surveys. 29:6. 1974

This paper is the first introduction in Russian mathematical literature into
the geometry of moduli spaces of stable vector bundles on algebraic curves. One
of the important achievements in this field is the solution by Andrei Nikolaevich
of the global Torelli problem for higher rank vector bundles on a curve - see
papers [A.N. Tyurin. Analogue of Torelli theorem for two dimensional vector
bundles on an algebraic curve. Izvestija AN USSR. Ser. mathem. V. 33, No. 5
(1969), 1149-1170], [Analogues of Torelli theorem for higher dimensional vector
bundles on an algebraic curve. Izvestija AN USSR. Ser. mathem. V. 34, No.
2 (1970), 338-365] (this problem was simultaneously and independently was
solved by D. Mumford and P. Newstead in two dimensional case, and by M.
Narasimhan and S. Ramanan in higher dimensional case). Thus it is not acci-
dental that the present paper is devoted mainly to the exposition of geometric
ideas related to the proof of Torelli theorem for moduli of higher dimensional
vector bundles. An original feature of the paper is the elegant exposition of
the specific duality between the curve X and the variety S = S(r,d) of moduli
of stable bundles of rank r and degree d with fixed determinant over X; this
duality means that, in case when r and d are relatively prime, the universal
bundle U on X x S considered on fibers of the projection X x S — X, i.e. as
a bundle on the variety S, has the variety of moduli isomorphic to the original
curve X. The question whether there exists a similar duality in the theory of
moduli of stable bundles on higher dimensional varieties is extremely interest-
ing and is waiting for further investigation. Among the other merits of this
paper one should mention the nice introduction into the theory of elementary
transformations of vector bundles on a curve, which are an important technical
tool of the theory. The significance of elementary transformations of sheaves
for the geometry of vector bundles, as well as for algebraic geometry and its
applications in general, is nowadays well known, and was firstly understood
just in the papers of M. Narasimhan — S. Ramanan and A.N. Tyurin on the
moduli of vector bundles on curves.

A. S. Tikhomirov

* * *

This article is based on a series of lectures given in Shafarevich’s seminar
in 1973. It is essentially expository, describing the state of knowledge on the
geometry of moduli spaces of vector bundles on algebraic curves, with particu-
lar reference to then unpublished results of M. S. Narasimhan and S. Ramanan
[6] on deformations of the moduli spaces. The lectures and the article were
intended for an audience with some knowledge of algebraic geometry, but not
expert in the theory of vector bundles. A. Tyurin therefore outlines his own

304
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versions of proofs and omits many technical details. However, as might be
expected, the article is full of Tyurin’s own ideas and insights, including con-
jectures and speculations, some of which are still not fully worked out.

The article concerns the moduli spaces S = S, 4 of stable bundles of rank
n and fixed determinant of degree d with (n,d) = 1 over a smooth projective
algebraic curve X (there are remarks also on the case (n,d) # 1). Although A.
Tyurin makes no explicit assumption about the genus, it is clear that he has
in mind the case g > 2 as treated in [6] and many other papers. Some of the
results fail in genus 1, while others are true for trivial reasons.

Chapter I describes the construction of S and some of its basic properties.
The only point requiring comment is the final sentence “It is not much harder
to prove the rationality of S (Newstead)”. Unfortunately this is not true; the
cited reference [9] contains an error, partially but not completely corrected in
[10]. Many attempts at a general proof were given, in some cases increasing
substantially the set of values of n, d for which the result is known to be true,
before the rationality of S was finally established by A. King and A. Schofield
[4] in the late 1990s. For (n,d) # 1, the problem remains open.

Chapter II contains the main results of the article. According to the de-
scription given in Chapter I, there exists a universal bundle U on X x S, and,
for each x € X, we can consider the restriction U, of U to {z} x S as a bundle
on S. (Tyurin calls the bundle U, a Poincaré bundle; nowadays this term is
usually used for U itself.) The bundle U is regarded as a family of bundles on
X parametrised by S, but can also be viewed in this way as a family of bundles
on S parametrised by X. This idea goes back a long time in the context of line
bundles, while for vector bundles it is at least implicit in [5] and explicit in [6].
Tyurin’s statement (Theorem 1) is as follows: for any « € X, the curve X is
the variety of moduli S(U,) for the bundle U,.

This statement can be broken into two parts, firstly that U, % U, if z #
(Theorem 2), secondly that all small deformations of U, have the form U, for
some y € X. The second part is proved in [6] and the proof is outlined here
in Chapter V. Theorem 2, on the other hand, is stated but not proved in [6],
so Tyurin’s proof (given in Chapter IV) would seem to be the only one in the
literature.

A. Tyurin sees it as a type of “inversion theorem” comparable to (but
definitely different from) a standard theorem for line bundles. The proof itself
is not completely convincing and indeed does not seem to work in the case n = 2
(the construction yields bundles of trivial determinant rather than determinant
of odd degree), so the result must perhaps remain as a conjecture. What is
certainly true is that X is an étale covering of S(U,). If X is a general curve
of genus g > 2, this étale covering must be trivial; thus Theorem 2 (hence also
Theorem 1) holds for the general curve of any genus. It would be interesting to
construct a totally convincing proof for an arbitrary curve on the lines proposed
by A. Tyurin.

Another important result from [NR1] is what A. Tyurin calls the étale the-
orem: H'(X,0X) = H'(S,08) (where ©X and ©S are the tangent bundles
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of X and S). This theorem implies the local Torelli theorem for X — S; in fact
the global version of the Torelli theorem, asserting that non-isomorphic X give
rise to non-isomorphic 5, had already been proved by both Mumford and New-
stead [5] and Tyurin [12] in rank 2, and by Tyurin [13] in arbitrary rank. Two
further significant corollaries are that the group of biregular automorphisms of
S is finite and Seshadri’s theorem that Pic.S = Z (see [11, Proposition 3.4]).

The final section of Chapter II contains some problems and conjectures.
Problem I concerns the case (n,d) # 1. In this case S is not complete; let S
denote the Mumford-Seshadri completion (using semistable bundles) and let S
be a desingularisation of S. (It should be noted that there are several possible
desingularisations and partial desingularisations of S which can be used for
S.) Moreover U does not exist, but the adjoint bundle ad U does exist on S
(but not on S and possibly not on S ). Tyurin asks whether the theorems of
the previous section hold for S. In fact most of the results have no obvious
meaning on S, but the local results make sense on S and in general may be
expected to remain true. Moreover one important global result does continue
to hold for S and S, namely the theorem that PicS = Z. This is true for
(n,d) # 1 except when n = g = 2, and Pic S = Z always; this was proved by
J.-M. Drezet and Narasimhan [2], who showed further that S is factorial.

Returning now to the case (n, d) = 1, Problem IT concerns the interpretation
of the direct images on S and X of iterated adjoints of the Poincaré bundle.
Although some of these sheaves have been used and investigated, there seems
to have been no geometric interpretation of them.

This problem is followed by a very interesting conjecture, namely that there
should be an exact sequence

0— Jp(X) — AutS — Aut X — 0,

where J,,(X) is the group of n-torsion points of the Jacobian of X. This has
recently been proved by A. Kouvidakis and T. Pantev [3, Theorem B], who
have obtained also a version valid for (n,d) # 1. The proof involves Higgs
bundles and the Hitchin map.

Finally Problem III concerns the Hodge numbers h?9(S). For the case
n = 2, they were in essence already known. In fact, an additive basis for all
the cohomology groups of S was given in [8]; if care is taken over the choice of
basis for H!(X) which is used in constructing this basis, the basis elements all
belong to some HP9(S). The simplest way of stating the formula for the hP-?
in this case is in the form of the Poincaré-Hodge polynomial

(1 +22y)9(1 + 2y?)? — 29y9(1 + 2)9(1 + y)?
(1 —ay)(1 - a?y?) '

A version of this for motivic cohomology has been obtained recently by S. del
Baitio [1]; his paper contains also a formula for h?°%(.S) when n = 2 and d is even,
where S is the Seshadri desingularisation of S. For general rank, the standard

cohomology generators can again all be taken to be of pure Hodge type and

Z hP9(S) 2Py =
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there is no difficulty in principle about calculating h?:4(.S). Tyurin’s conjecture
that HT9(X,Q9) = H*TP(S, QP) for any p, q is clearly wrong. Almost certainly,
there is a typographical error here, but it is not clear what Tyurin intended
to conjecture. What is true and is in the spirit of the conjecture is that the
“Hodge diamond” of S is relatively thin; for example, when n = 2, h?%(S) =0
whenever |p — q| > % (p+9q).

Chapters III to V are mainly concerned with the proofs of the results stated
in Chapter IT; these follow the same lines as those in [6]. In particular, in Chap-
ter III, Tyurin develops the theory of elementary transformations; this is very
much in the spirit of the work of Narasimhan and Ramanan on Hecke trans-
formations, which was to be further developed in [7]. These transformations,
which are also related to parabolic structures on bundles, have been used in
many deformation problems. In this chapter, Tyurin attempts to construct a
general bundle from the trivial bundle using elementary transformations; this
method is quite sound in principle, but the conjecture in section 2 that the
map ¢ he constructs there is a birational isomorphism is wrong. Indeed ¢ is
not even dominant. This can already be illustrated by the case g = 2, n = 2,
which he discusses immediately after stating the conjecture. If V' (or strictly
speaking V*) is obtained from I by elementary transformations, then I is
a subsheaf of V. Hence V has two independent sections; on the other hand
Veen, as correctly stated by Tyurin, has only one independent section. How-
ever the proof of rationality of S ; is correct and generalises to S, 4 whenever
d = —1 mod n. The general question of rationality has already been discussed.

The study of the geometry of moduli spaces of vector bundles, and of many
related moduli spaces, remains a very active area of research. Unfortunately,
there is no recent survey of this area to which the reader can be referred.

P. Newstead
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On the classification of 2-dimensional vector bundles on an
algebraic curve of any genus.

Izv. AN SSSR. Ser. mathem. 1964. V. 28. no. 1

This was one of Andrey Tyurin’s first publications, and initiated his long
series of works on the theory of vector bundles. In fact this subject is present in
different flavors in most of his works. With this paper, Tyurin entered the circle
of leading experts in the theory of algebraic vector bundles, and he remained
in this position until his untimely death, while the theory developed into a
gigantic domain with many links to other areas of mathematics and physics.

In this article Tyurin considers moduli problems in the theory of vector
bundles on complex projective curves of genus > 1. A remarkable feature of
the objects of algebraic geometry is that their deformations are themselves
also parametrised by algebraic varieties — so called moduli varieties. Thus “de-
rived objects” of algebraic geometry remain within the framework of algebraic
geometry, and its methods apply in turn to them. This closed character of
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algebraic geometry dramatically extends the area of application of its methods
and ideas. It is because of this that algebraic geometric approaches have proved
so effective in several other areas of mathematics and physics.

A paradigm case is the theory of rank one vector bundles on a curve: bundles
of the same topological type (that is, with given degree or first Chern class) are
parametrised by the points of a commutative algebraic group, the Jacobian of
the curve. For vector bundles of higher rank the situation is more complicated,
and to obtain a natural algebraic parametrisation we have first to modify the
question. ANT showed in this article that if we add some rigidity to an algebraic
vector bundle of rank 2 on the curve, the resulting objects is parametrised by
an algebraic variety. He proposed to consider pairs consisting of a rank 2
vector bundles with an exceptional subbundle of rank one, and proved that
these “pairs” have an algebraic parametrisation. We have to fix a point on the
curve to define an exceptional subbundle of rank one, which is then simply a
subbundle of rank one “of maximal degree with respect to this point”. Since
for every rank 2 vector bundle there are only a finite number of exceptional
subbundles (bounded by 2¢g, where g is the genus of the curve), ANT obtains
in this way an algebraic parametrisation of all rank 2 vector bundles with “an
exceptional subbundle” of a given degree. Note that this approach is somewhat
analogous to the introduction of a “level” in the moduli theory of elliptic curves
and Abelian varieties. In the latter case introducing some rigidity (fixing certain
points of finite order) allows us to construct a moduli variety.

In addition, ANT shows that the moduli variety of rank 2 vector bundles
of a given topological type with an exceptional subbundle of maximal degree
can be identified with an open subvariety of a projective space. Thus ANT
obtained a complete solution to the moduli problem for rank 2 vector bundles
using the approach of classical algebraic geometry.

Tyurin’s paper slightly preceded the work of Mumford, Newstead,
Narasimhan and Seshadri, who took a different approach to the construction
of moduli space, based on the notion of stability of a vector bundle, analogous
to the notion of stability of a point in the theory of algebraic group actions.
Namely if we consider from the outset only stable vector bundles (roughly
speaking, the vector bundles that do not contain subbundles of large degree)
then there is a natural algebraic parametrisation of such bundles without any
additional structure. In this way we can also obtain a very natural compacti-
fication of the corresponding moduli spaces.

Formally speaking, these two approaches give different but somewhat simi-
lar result in the case of rank 2 vector bundles. However, the main advantage of
the second approach lies outside purely classical algebraic geometry. Namely
Narasimhan and Seshadri showed that stable vector bundles with trivial first
Chern class are exactly those constructed via irreducible unitary representa-
tions of the fundamental group of the corresponding complex projective curve.
Due to this remarkable coincidence and the depth of the notion of stability, the
second approach has dominated the theory of vector bundles ever since it was
introduced.
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Later, ANT obtained a number of remarkable results based on the notion
of stability. A detailed survey of all these results is contained in the preceding
article of this volume.

Fedor Bogomolov

* * *

This is Tyurin’s first paper, written at a time when interest was developing
in the classification of vector bundles on algebraic curves. A.Grothendieck
[5] had described bundles on the projective line in 1954 (although the basic
elements of the description go back to the 19th century), and M. F. Atiyah [2]
had done the same for bundles on an elliptic curve in 1957. With hindsight
one can see that these successes, while of major importance, were somewhat
deceptive. It had of course been well understood for many years that curves
of genus > 2 behave in a fundamentally different way from those of genus 0 or
1, but it had probably not been realized that essentially new techniques would
be needed for classifying bundles on curves of higher genus. (In modern terms
we can describe the distinction by saying that the problem is of finite type for
genus 0, tame for genus 1 and wild for genus > 2.) Atiyah [1] had attempted
a classification of ruled surfaces in arbitrary genus and obtained partial results
in genus 2, but it was clear that the problem was already complicated.

Tyurin’s attack on the problem was based on an idea of A. Weil [17], namely
that of matrix divisors. For line bundles, there is a very nice correspondence
with divisors in the classical sense: isomorphism classes of line bundles cor-
respond bijectively to divisor classes. Weil’s idea was to generalize this by
considering matrix divisors. The problem is that the equivalence relation on
matrix divisors corresponding to isomorphism of vector bundles is very badly
behaved, and one must try to simplify this by imposing conditions on the matrix
divisors. This is what Tyurin does for bundles of rank 2 through his concepts of
exceptional subbundles and quasibundles. He fixes a point P € X and defines
a line bundle L to be of height A if h is the smallest integer such that L(hP)
has a non-zero section. He defines a subbundle L of E to be exceptional if
dim H%(X, E ® L*) = 1, and then proves that every indecomposable bundle E
of rank 2 has at least one and at most 2g exceptional subbundles of minimal
height. He calls the pairs (F, L), or the corresponding extensions

0—L—FE—L —0,

quasibundles. These are easy to classify since there is a good classification of
extensions. Using this approach, Tyurin classifies quasibundles for fixed det F
and shows that there is a unique “component of maximal dimension” 3g — 3
(Theorems 10, 11). Moreover there exist universal objects. When d = deg F
is odd, he shows further that distinct quasibundles give distinct bundles, so
in modern terms he has constructed a dense open subset of the moduli space.
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In fact, one can describe this as follows. By tensoring our bundles £ by some
fixed line bundle, we can suppose that d = 2¢g — 1; the component of maximal
dimension then consists of quasibundles of the form

0—1—F—detEk — 0,

where I is the trivial line bundle and dim H°(X, E) = 1. These extensions are
classified by an open subset of P(H!((det E)*)), which by Riemann-Roch has
dimension

(2¢9—1)+(g—1)—1=3g—3.

There are two problems with A. Tyurin’s approach. One is that, in even
degree, even on the component of maximal dimension, a given bundle will corre-
spond to more than one quasibundle. The second, more fundamental, problem
is that a bundle in the component of maximal dimension can degenerate to
a bundle in one of the other components. In other words, the “components”,
when considered in terms of bundles rather than quasibundles, are not really
separate from one another; they should more properly be thought of as strata
in some more global object.

These issues were in the process of being resolved by the introduction of
the concept of stability by D. Mumford [8]. By the time A. Tyurin wrote his
second paper [13] (see also [14]), published in 1965, this time on bundles of
arbitrary rank, Mumford’s results had become available and he was able to
use them. None the less this second paper is still largely concerned with the
use of matrix divisors. This now presents even more difficulties than it did for
bundles of rank 2.

However A. Tyurin did succeed in calculating dimensions and showed that,
for g > 2, the “number of moduli” of unstable bundles (incidentally by “stable”
in this paper Tyurin means what we now call “semistable”) is strictly less than
the corresponding number for stable bundles [13, Theorem 2.5.1]. This has
often been taken as an obvious consequence of Mumford’s theory, but does
in fact require proof, and A. Tyurin was the first to give this proof. In the
course of the proof [13, Lemma 2.5.1], he introduces what is now known as the
Harder-Narasimhan filtration of an arbitrary vector bundle on X [6].

Following A. Tyurin’s second paper, this line of development came to a halt
because of the work of M. S. Narasimhan and C. S. Seshadri. Before Mum-
ford’s concept of stability had become well known, Narasimhan and Seshadri
had already followed up another suggestion from Weil’s paper [17], namely to
consider bundles arising from unitary representations of the fundamental group
[9]. This handles only bundles of degree 0, but they subsequently developed the
ideas to cover bundles of any degree (the construction is again implicit in Weil’s
paper) [10] and showed that their unitary bundles are precisely those that can
be expressed as direct sums of stable bundles, all of the same slope (the slope of
a bundle is the rational number r(;igk%). In particular, the irreducible unitary
bundles are precisely the stable bundles. This gives a representation-theoretic
construction for the moduli spaces of stable bundles, which has proved ex-
tremely useful and has been developed in many ways. Subsequently a purely
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algebraic description, following Mumford’s approach, was completed by Se-
shadri (see [12, Premiére partie] for an outline).

There are further early results of A. Tyurin on the structure of the moduli
spaces (see, for example, [15, 16] and the survey article “The geometry of
moduli of vector bundles” reprinted in this volume). Seshadri’s notes [12]
constitute, among other things, a survey of results known up to 1980. Shortly
after this the introduction of methods inspired by physics played a major role;
see particularly [3]. This inspiration has continued to the present day.

One particular line of study seems to relate well to A. Tyurin’s ideas. We
have already remarked that one can view Tyurin’s “components”, when re-
stricted to stable bundles, as providing stratifications of the moduli spaces. A
variation of this idea leads to the consideration of other stratifications, espe-
cially those associated with the name of Corrado Segre. These stratify the
moduli spaces by the degrees of subbundles of maximal degree. In the context
of ruled surfaces, they go back to an 1889 paper of Segre, and their proper-
ties are established in [7], [4] and [11]. The advantage of Tyurin’s approach is
that every bundle arises from a finite number of quasibundles, while bundles
can possess infinitely many subbundles of maximal degree. However the Segre
stratifications are in some sense more natural and maximal subbundles have
become of particular interest recently because of connections with Gromov-
Witten theory.

These papers of Tyurin certainly contain errors (most notably his claim in
[13] to have proved rationality of the moduli spaces), but they also contain
many excellent ideas which were ahead of their time.

P. Newstead
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Vector bundles of finite rank over infinite varieties.

Math. USSR lzvestija. 10 (1976), no. 6.

In this pioneering article, Tyurin solves a number of problems in algebraic
geometry using the language of infinite dimensional manifolds. One of his main
results is a theorem that any vector bundle of finite rank on a smooth algebraic
subvariety X C P*° of finite codimension in infinite dimensional projective
space is a direct sum of line bundles O(4), where the O(i) are the powers of the
standard line bundle on P> restricted to X. This is a significant generalization
of Grothendieck’s result for vector bundles on P'. The corresponding statement
for X = IP" is called Schwarzenberger’s conjecture, and was proved by W. Barth
and A. Van de Ven for rank 2 vector bundles®.

Parallel to the theory of vector bundles, Tyurin developed the theory of
extensions of algebraic subvarieties in finite dimensional projective spaces to
finite codimension subvarieties in infinite dimensional projective space. This
approach of ANT substantially clarified many previous results on extensions
of algebraic varieties and vector bundles. The analysis of such manifolds is
significantly simpler due to their rich geometry: for example, any two points
of a such a smooth subavariety X in P°° are joined by a chain of two lines
contained in X, and all such chains are parametrised by an infinite dimensional
variety.

ANT’s proof is based on estimates for vector bundles on the ruled surface
obtained by blowing up a point on P2, and corollaries of these estimates for
vector bundles on other ruled varieties. The interested reader should look at
the english translation of ANT’s article* since the translator Miles Reid made
some corrections.

Somewhat similar results were also obtained by E. Sato® soon after ANT.
Later on Sato found a generalization of these results to the Grassmann varieties
Gr(k,00). He also obtained similar results for corresponding orthogonal and
symplectic Grassmannians®. The final picture is slighly more complex in these
cases since if £ > 1 the tautological k-dimensional vector bundle on an infinite
Grassmannian is also indecomposable. Sato showed that any vector bundle
of finite rank on Gr(k,oo) is decomposable into a direct sum of irreducible
components of the tensor algebra T'(S, & S} ), where Sy, is the tautological k-
dimensional vector bundle on the infinite Grassmann variety Gr(k, co) and S}
its dual.

3Barth W., Van de Ven A. On the geometry in codimension 2 of Grassmannian manifolds. In
Classification of algebraic Varieties and Compact Complex Manifolds Lecture Notes. Math-
ematics 412. Springer, Berlin, 1974. P. 1 — 35

4Math. USSR Izvestia, 1976. Vol. 10. no. 6. P. 1187 — 1204

5Sato E. On decomposition of infinitely extendable vector bundles on projective spaces and
Grassmannian varieties. J. Math. Kyoto Univ. 1977. 17. no. 1. P. 127 — 150

6Sato E. On infinitely extendable vector bundles on G/P. J. Math. Kyoto Univ. 1979. 19.
no. 1. P. 171 189
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The works of Tyurin and Sato from the late 1970s remained out of the
mainstream of algebraic geometry for a period. Recently, however, Donin and
Penkov” considered the more general question of vector bundles on an ind-
Grassmann variety. The latter is defined as the inductive limit of smooth
embeddings of finite dimensional Grassmannians. They showed in particular
that Tyurin’s theorem also holds for a Grassmannian Gr(H, co) of subspaces in
C*°) which are commensurable with a given subspace H of the space C*; in this
case H has both infinite dimension and infinite codimension in C>*. They also
proved that every vector bundle is trivial on a “twisted” infinite dimensional
projective space obtained as an inductive limit of finite dimensional projective
spaces defined by sequence of smooth embeddings of degree > 1.

1. Penkov

* * *

In this paper A. Tyurin proves a conjecture of R. L. E. Schwarzenberger
that vector bundles of finite rank on an infinite dimensional projective space
P°° are decomposable as direct sums of line bundles. He also extends this
to bundles on a non-singular infinite projective variety; by this he means an
infinite chain

XoCcXjC...CcX,C...

of non-singular projective varieties such that each X, is a hyperplane section
of X, 1. Note further that all line bundles on a non-singular infinite projective
variety have the form O(k) for some integer k. There are also finite versions
of these results. For these, we define an infinitely extendable (or absolute)
projective variety to be any variety that sits in a chain of the above type, with
a similar definition for vector bundles. Then every infinitely extendable vector
bundle of finite rank on an infinitely extendable non-singular projective variety
is a direct sum of line bundles, each of the form O(k) for some k.

The problem originated from a result of Schwarzenberger [8] (Theorem
22.4.2), who showed that any infinitely extendable vector bundle of finite rank
on P" has the same Chern classes as a direct sum of line bundles; this is
a consequence of the Grothendieck-Riemann-Roch Theorem, and is valid for
topological vector bundles. The rank 2 case of Tyurin’s main result was first
proved by W. Barth and A. Van de Ven [1], while the result for arbitrary rank
was proved independently by E. Sato [5, 6]. Sato also obtained results for bun-
dles on Grassmannians [5] and more generally on homogeneous spaces [7], but
one should note that these varieties are not infinitely extendable as subvarieties
of P™; of course, for homogeneous spaces, one must allow certain tautological
vector bundles as building blocks as well as line bundles.

"Donin J., Penkov 1. Finite rank vector bundles on inductive limits of Grassmannians. IMRN
(International Math. Res. Notices) 2003. no. 34. P. 1871 — 1887
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The problem is closely related to that of the existence of subvarieties of
given codimension in P™. The corresponding result in this context is that any
infinitely extendable subvariety of P™ is a complete intersection. For subva-
rieties of codimension 2 in P™ with n > 6, there is a precise link with vector
bundles of rank 2 via a construction of Serre [9] (see, for example, [4, 1, 3, 2]);
in particular, there exists an indecomposable vector bundle of rank 2 on P”
if and only if there exists a non-singular subvariety of codimension 2 in P"
which is not a complete intersection. For higher codimension and rank, no
such precise relationship is known.

Sato [5, 6] gives a bound N, depending on the invariants of the vector bundle
E on P, such that E is a direct sum of line bundles whenever it is extendable
to P with n’ > N. One can ask whether it is possible to find N independent
of the invariants of E. It is in fact conjectured that every vector bundle of rank
2 on P™ with n > 5 (or n > 6 in characteristic 2) is decomposable. It may be
noted that there is a subvariety of P® of codimension 2 which is not a complete
intersection (the Segre embedding of P! x P?), but this does not invalidate
the conjecture. In the mid 1970s, it was widely hoped that an answer to this
conjecture would soon be found, but these hopes have still not been fulfilled
and the problem remains open.

For complete intersections of arbitrary codimension, Hartshorne [3] has con-
jectured that a non-singular subvariety of P" of dimension d with d > %n isa
complete intersection.

P. Newstead
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Symplectic structures on the varieties of moduli of vector bundles
on algebraic surfaces with p, > 0.

Math. USSR lzv. Ser. Mat. (1) 33 (1989)

The paper is one of the first works in a new direction of modern algebraic
geometry — the theory of symplectic algebraic manifolds. The importance of
this class of varieties is based on the fact that irreducible varieties with holo-
morphic symplectic structure constitute one of the “building blocks”, together
with complex tori and Calabi-Yau manifolds, of Bogomolov’s decomposition
of compact Kéhler manifolds with torsion class ¢;. The intensive study of
symplectic algebraic manifolds was started by Mukai®, where he constructed
a holomorphic symplectic structure on the moduli space of simple sheaves on
Abelian and K3 surfaces.

The present work is a systematic generalization of Mukai’s construction to
the case of surfaces with p, > 0 and to higher dimensional varieties; at the same
time, it treats Poisson algebraic structures. The paper starts with a detailed
treatment of the formalism of Mukai lattices and structures and a description
of properties of simple, exceptional and modular sheaves. Then it gives a gen-
eral procedure constructing a holomorphic symplectic structure (respectively,
a Poisson structure) on components of the moduli space of simple sheaves on
an arbitrary smooth regular surface, and simultaneously local invariants of
these structures. An important geometric examples of the structures discussed
in the paper is given by nondegenerate symplectic structures on the moduli
spaces of ideal sheaves of zero dimensional subschemes of a surface, i.e., the
Hilbert schemes.

The key idea of the paper is Tyurin’s introduction of the modular opera-
tions on the moduli components of simple sheaves on a surface. The notion
of modular operation is based on the theory of mutations of exceptional bun-
dles and helices of bundles developed in the mid-1980s by the Rudakov—Tyurin
seminar on exceptional and stable bundles. Namely, the operations of universal

8S. Mukai Symplectic structure of the moduli space on an Abelian or K3 surface Invent.
math. 77 (1984), 101-116
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extension and universal division enable one, starting from a given moduli com-
ponent of simple sheaves and some additional data including the existence of
an appropriate exceptional bundle on a surface, to construct an extensive series
of new moduli components birational to the original one. At the same time a
symplectic structure carries over to all the new moduli components. This gives
rise to a whole hierarchy of moduli varieties of simple modular sheaves, whose
properties are studied in the paper.

It is worth mentioning that the paper is conceptually related to another
important paper of the author?, not included into the present collection, that
gives ample geometric material illustrating the constructions of the present
work. Some of these constructions have been developed in recent research on
moduli of sheaves on K3 surfaces'C.

A. S. Tikhomirov

% * *

This article is concerned principally with the existence of symplectic and
Poisson structures on the moduli spaces of vector bundles on algebraic surfaces.
In this context A. Tyurin defines a symplectic structure on a smooth projective
variety B to be a non-zero skew-symmetric homomorphism w : TB — T*B
from the tangent bundle of B to the cotangent bundle. In a similar way he
defines a Poisson structure to be a non-zero skew-symmetric homomorphism
a:T*B — TB. When B is a surface S, a symplectic structure is just a non-
zero section of the canonical bundle Kg, while a Poisson structure is a non-zero
section of the dual bundle Kg. Although superficially the two definitions are
very similar, they give rise to very different structures except when Ky is trivial
(in this case, if we assume further that the surface S is regular, then S is a
K3-surface). In fact, a regular surface with a Poisson structure with Kg non-
trivial is rational, while (by definition) a surface with a symplectic structure
has geometric genus py > 0

In the first chapter, A. Tyurin shows how to construct symplectic (Poisson)
structures on components of moduli spaces of bundles on a regular surface
S from a symplectic (Poisson) structure on S. In Chapter II, he introduces
modular operations which establish isomorphisms between certain components
of the moduli spaces; these are analogous to, but richer than, the operation
of tensoring by a line bundle. These operations are used to construct infinite
series of moduli spaces of bundles on a surface S of general type which are
birationally equivalent to symmetric powers of S.

In Chapter ITI, A. Tyurin discusses the principal differences in the classifica-
tion theory of bundles between surfaces with symplectic structure and surfaces

9A.N. Tyurin Cycles, curves and vector bundles on K3 surfaces Duke Math. J. V.54. No.1,
1-26

10see: E. Markman. On the monodromy of moduli spaces of sheaves on K3 surfaces — I, II.
arXiv: math.AG/0305042, math.AG/0305043
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with Poisson structure. In particular, on a surface with symplectic structure,
techniques such as the use of monads, resolution of the diagonal and helices do
not work. On the other hand, a bundle on a surface with symplectic structure
is almost uniquely determined by its second Chern class in the Chow group
CH*(S).

P. Newstead

The moduli spaces of vector bundles
on threefolds, surfaces and curves. I.

Preprint. Erlangen. 1990.

The description of the natural restriction maps from moduli spaces of stable
sheaves on a variety to its subvarieties (e.g., hyperplane sections) is one of the
basic methods of studying these spaces. The present work is an introduction to
this method based on the important geometric case when the base variety is one
of the varieties of an embedded triple “curve, surface, threefold (solid)”. One of
Tyurin’s first observations is that if the threefold is a Fano variety, and the sur-
face a K3, then the moduli component of stable vector bundles on the threefold
is under certain conditions embedded by the restriction map as a Lagrangian
submanifold of the corresponding moduli component of stable bundles on a K3
surface; this component has a natural holomorphic symplectic structure. Then
the paper considers in detail the next step of the operation of restriction of
stable bundles and, more generally, coherent torsion free sheaves when passing
from the surface to the curve. The well known theorem of Mehta—Ramanathan
states that the restriction map of moduli of semistable sheaves (under the nat-
ural condition of ampleness of the curve on the surface) is a rational map. The
present paper generalizes this theorem: under some additional conditions on
the curve, this map is birational onto its image, thus giving as a corollary a
birational embedding of moduli components of stable bundles on the surface
(and of their Gieseker closures) into the space of conformal blocks of the curve.
In particular, this enables to obtain the Donaldson’s line bundle (in the sense of
Le Potier) on the moduli space of sheaves on the surface as a rational multiple
of the standard Hopf bundle on the space of conformal blocks. This gives rise
to a potentially new method of computing the Donaldson polynomials of the
original surface.

In the final part of the paper the above ideology is transferred to the classical
case when one takes the projective plane as the original surface and considers
rank 2 vector bundles on it with trivial determinant, which one then restricts
to lines in the plane. Here the role of conformal blocks is played by the space of
curves of jumping lines of the bundle. The work is apparently the first to give
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a formula relating Donaldson’s constants of the projective plane to the degree
of the variety of curves of jumping lines, and this degree is computed in the
first nontrivial case, when the second Chern class of the bundle on the surface
is 4. In this case the variety of curves of jumping lines is the hypersurface of
Liiroth quartics in the space of plane quartics and, as follows from a classical
result of invariant theory (F. Morley 1918), this degree is conjecturally equals
to 54. The present paper gives an outline of the algebraic geometric proof of
this result using the method of Barth’s nets of quadrics. Other variants of the
proof of this result (and also of the injectivity of Barth’s map of the moduli
of bundles on the plane into the space of jumping lines) were independently
given by Le Potier!!. The most detailed exposition of these results and of the
injectivity of the Barth’s map for the case of the second Chern class > 4 is
presented in the paper: J. Le Potier and A.S.Tikhomirov. Sur le morphisme
de Barth. Ann. Scient. Ec. Norm. Sup., 4° série, t.34 (2001), 523-629.

A. S. Tikhomirov

* * *

This expository article is a considerably extended version of a talk given
by A. Tyurin in Bayreuth in 1990. It is concerned with relating moduli spaces
of stable vector bundles on a flag of varieties X D S O C, where X is a Fano
threefold, S is a K3-surface in the anticanonical divisor class and C is a curve
on S. A. Tyurin considers components My, Mg, M¢c of the moduli spaces
with fixed first Chern class such that E € Mx = E|S € Mg = E|C € Mg, so
that there exist restriction morphisms My — Mg — Mc.

Tyurin considers here the second of these morphisms in a case where S is
a smooth regular surface (not necessarily K3) and Mg = My(2,¢1,c2) is the
moduli space of H-stable bundles of rank 2 on S with Chern classes ¢; € Pic S
and ¢y € Z. (Here H is an ample line bundle on S and C € |dH| is a generic
smooth curve such that dege; - C is even.) Tensoring by a suitable line bundle
on C, we can take Mo = Mg (2,0), the moduli space of stable bundles of
rank 2 on C with trivial determinant. One shows that, for sufficiently large d
(depending on k), the restriction morphism resc : My (2,¢1,k) — Mc(2,0)
is an embedding (in fact Tyurin proves a slightly stronger theorem (Theorem
1.1), which includes also the case where degc; - C is odd).

The next step (Theorem 2.1) is to extend this map to a map

Tesc : MH(Q, cq, k) — Mc(Q, 0),
where M (2, ¢y, k) is the Gieseker compactification of My (2,¢1, k) [6]. Now
Picﬂc(Q7 0)=7Z

11J. Le Potier. Fibrés stables sur le plan projectif et quartiques de Liiroth. Exposé donné a
Jussieu le 30.11.1989

J. Le Potier J. Faisceaux semi-stables et systémes cohérents. Vector bundles in algebraic
geometry (Durham, 1993), London Math. Soc. Lect. Note Ser. 208 (1995), 179-239
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(see [4]); let Lo be a positive generator of this Picard group defining a linear
system |A|. By a theorem of Beauville [2], |A| is base-point free and the induced
morphism

f(] : MC(?, O) — PHO(L(])V

is finite and has degree 2 if C is hyperelliptic and 1 otherwise. Moreover H°(Lg)
can be identified with H°(J(C), 0(20)) and has dimension 29(¢) — 1. Now by
conformal field theory the projective space PH(Lg) is independent of C' for
small variations in complex structure. Denoting this projective space by PH
and composing with the restriction map, we obtain a family of morphisms

((3.40)) B
fecs : Mu(2,¢1,k) — PHY.

Tyurin conjectures (Conjecture 3.1) that focg is independent of C' for small
variations.

Independent of this conjecture, however, A. Tyurin raises the question of
computing the degree of focg in the case where ¢; = O and My(2,0, k) has
the “right” dimension, namely dim My (2, O, k) = 4k — 3(py + 1). This degree
is clearly independent of C' and is in fact given by a Donaldson polynomial
[3]. These are difficult to compute, but, for K3-surfaces, the problem has
been solved (see (4.18)) by Friedman and Morgan [5] and independently by
K. O’Grady. The article finishes with a calculation for S = P2, in which
case the degree has the form cj(deg C)** =3 ((4.19)), where ¢, is an absolute
constant. To compute ¢, we can take C' to be a line. Now restrictions of
bundles on P? to lines have been extensively studied, most notably by W. Barth
[1]. It is easy to see that co = 1 and ¢3 = 3, and Tyurin shows, by combining
Barth’s arguments with classical results of Liiroth and Clebsch and an idea
of A. S. Tikhomirov, that ¢4 = 54. (In fact, Tyurin notes in the article “The
classical geometry of vector bundles” contained in this volume that this number
was first obtained by F. Morley in 1918.)

P. Newstead
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The classical geometry of vector bundles.

Algebraic geometry (Ankara, 1995).
Lecture Notes in Pure and Appl. Math. 193, 347-378.
New York: Marcel Dekker, 1997

The paper is a summary of a small course of lectures given by the author
on the summer school at Ankara (Turkey) in 1995. It is devoted to the intro-
duction into the geometry of vector bundles on algebraic varieties in relation to
applications to enumerative geometry and topology of smooth four-dimensional
manifolds. In this paper there is considered a number of important geometric
objects closely related to vector bundles — nets of quadrics, Darboux configu-
rations and Hilbert schemes. The significance of nets of quadrics in modern
algebraic geometry and, in particular, in birational geometry of threefolds and
geometric invariant theory was clearized in 70ies - 80ies of the last century in
works of A.N.Tyurin, A.Beauville, C.T.C.Wall and other authors — see, e.g.,
papers [A.N.Tyurin. On intersection of quadrics. UMN, V. 30, No. 6 (1975),
p.51-99] e [A.N.Tyurin. The variety of pairs of commuting pencils of symmetric
matrices. Izvestija AN USSR. Ser. mathem. V. 46, No. 2 (1982), 409-430] not
included into the present collection. Further interesting geometric examples of
interaction of all these objects were found by S.Mukai [S.Mukai. Fano 3-folds.
London Math. Soc. Lect. Notes Series, 179 (1992), 255-263], and applications
to enumerative geometry were considered by G.Ellingsrud and S.A.Strgmme.
Bott’s formula and enumerative geometry. Journ. Amer. Math. Soc. 9 (1996),
175-193]. The present paper is on one hand an original introduction into the
above papers, and on the other hand it illuminates applications of the tech-
nique of vector bundles and Hilbert schemes to smooth topology of algebraic
surfaces, in particular, to computing of Donaldson’s polynomials. In more de-
tail these algebro-geometric constructions are considered in the paper of J.Le
Potier [J.Le Potier. Systémes cohérents et polynémes de Donaldson. Lecture
Notes Pure Appl. Math. Math. Vol. 179, 1996, pp. 103-128.]

A special part of the paper is devoted to the discussion of questions related
to computing of Donaldson’s constants of the smooth structure of the complex
projective plane. It is worthwhile to note that the problem of computing of
Donaldson’s constants of the projective plane had stimulated a big number of
works in this direction, among which one should mention the paper by the au-
thor and A.Tikhomirov'? not included into the present collection, and the sub-

12 A Tikhomirov, A.Tyurin. ”Application of the geometric approzimation procedure to com-
puting the Donaldson’s polynomials for CPs.” Mathematica Goettingensis, Sonderforss-
chungsbereichs ” Geometrie und Analysis”, Heft 12 (1994), 1-71
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sequent papers by G.Ellingsrud, L.Géttsche, J.Le Potier and S.A.Strgmme!3.
In the present work there is given an interesting interpretation (based on the
results of Ellingsrud and Gé6ttsche and one conjecture of Kotschick and Mor-
gan) of Donaldson’s constants of the projective plane as its potential homotopy
invariants.

A. S. Tikchomirov

* * *

This is the text of a talk given by A. Tyurin at a summer school in Ankara
in 1995. Its themes are essentially the unity of geometry and the ubiquity of
algebraic geometry in this more general setting. In particular, many results of
enumerative geometry remain true not only in symplectic geometry but also in
differential geometry and even in topology.

The story starts in the 19th century with Clebsch and Liiroth and runs
through moduli spaces to Donaldson invariants. The whole is told in Tyurin’s
inimitable style. The only recommendation is: read and enjoy, and then think
what it all means.

P. Newstead

The Weil — Petersson metric on the moduli space of stable vector
bundles and sheaves on an algebraic surface.

Math. USSR lzvestiya. (3) 38 (1992)

Tyurin dedicated this article to the memory of his older sister Galina Niko-
laevna Tyurina, who died tragically at the age of 32 during a canoeing trip to
the Prepolar Urals. Galina Nikolaevna was also a student of I.LR. Shafarevich,
who obtained several well known results in algebraic geometry. Most of her
work relate to the theory of K3 surfaces and singularity theory.

Weil-Peterson metrics arise naturally on moduli varieties, that is, on vari-
eties that parametrize deformations of some other algebraic varieties. In this
case the tangent space to the moduli variety has a natural description in terms
of the fibre, the algebraic variety corresponding to the given point in the mod-
uli space. Thus if the fibre has a natural metric, there is also a natural metric
on the tangent space of the moduli space. The metric on the moduli space

13G.Ellingsrud, J.Le Potier and S.A.StrgmmeSome Donaldson invariants of P2(C). Lecture
Notes Pure Appl. Math. Vol. 179, 1996, pp. 33-38

G.Ellingsrud, L.Gottsche. Variation of moduli spaces and Donaldson invariants under
change of polarization. J. reine angew. Math. 467 (1995), 1-49
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that arises in this way is called the Weil-Peterson metric; it is a Kéhler metric
under rather mild conditions on the moduli space.

The Weil-Peterson metric reflects the structure of the variations of the fibre
rather concisely. For example, within this framework, representing a Rieman-
nian surface of genus > 1 as a quotient of the standard disc by a discrete
subgroup provides a Weil-Peterson metric on the moduli variety of complex
curves of genus > 1.

Tyurin considers the Weil-Peterson metric on the moduli space of stable
vector bundles on a compact projective (Kéhler) surface. In this case every
stable vector bundle has a so called Hermitian Einstein connection, which pro-
vides a metric on the projectivisation of the vector bundle. This allows us to
define Weil-Peterson metric on the moduli variety of stable vector bundles.
Note that this moduli variety has an infinite number of components of dif-
ferent dimensions (stable bundles with different topological invariants clearly
belong to different components of the moduli space). The components of these
moduli varieties are also noncompact in general. Tyurin described a natural
compactification of the moduli of stable vector bundles on surfaces by torsion
free sheaves. Moreover he proved the existence of components that are smooth
varieties after this natural compactification (he calls these thin components).
In this case, he proves the existence of extension of the Weil-Peterson metric
to a Kéhler metric on the corresponding compact manifold.

He considers the case of vector bundles on K3 surfaces in more detail. These
surfaces have a so called hyper-Kéhler structure, that is, a two-dimensional
family of Kéhler structures related by a quaternionic rotation. Hyper-Kahler
structures have many remarkable properties, and the list of known compact
hyper-Kéhler manifolds is rather small. The main observation of the article is
that the extension of the Weil-Peterson metric provides a hyper-Kéahler struc-
ture on an infinite series of thin components of moduli spaces of vector bundles
on K3 surfaces. Thus it is possible in principle to find new examples of com-
pact hyper-Kéhler manifolds by considering thin components of moduli spaces
of vector bundles. The above construction can also be applied to Abelian sur-
faces. This remarkable idea was further developed by a number of authors and
provided several new examples of compact hyper-Kahler manifolds'4.

Tyurin’s idea is also related to Ron Donagi and Yuval Markman construc-
tion of a natural hyper-Kéhler structure on the family of intermediate Jacobians

of Calabi-Yau threefolds over the moduli space!®.

F. Bogomolov

14gee for example: O’Grady, Kieran G. A new siz-dimensional irreducible symplectic variety.

J. Algebraic Geom. 12 (2003). no. 3. P. 435 — 505; O’Grady, Kieran G. Desingularized
moduli spaces of sheaves on a K3. J. Reine Angew. Math. 512 (1999). P. 49 — 117; where
new examples of compact hyper-Kéahler manifolds were constructed using moduli varieties of
vector bundles on curves of genus 2 and K3 surfaces

5 Donagi R., Markman E. Cubics, integrable systems and Calabi - Yau threefolds. Proceed-
ings of the Hirzebruch 65 Conference on Algebraic Geometry (Ramat Gan, 1993). p.199 —
221. Israel Math. Conf. Proc. 9
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On the superpositions of mathematical instantons.

Progr. Math. 1983. 36, 433-450

Mathematical instantons considered in this paper constitute the important
class of stable algebraic vector bundles on the projective three-space. The de-
scription of the variety of moduli M,, of mathematical instantons (here the
natural number n is the second Chern class of the instanton, which is its basic
discrete invariant) began in 70-s of the last century and since that time they
permanently attract attention of algebraic geometers. The specific property of
instantons is their determination by monads or, equivalently, by the so called
hypernets of quadrics in n-dimensional vector space H. These hypernets, un-
derstood as vectors in the space with additional tensor structure, satisfy the so
called Barth’s conditions which determine in the space of hypernets of quadrics
the locally closed subset M, (H), and the problem of smoothness, irreducibil-
ity and (uni)rationality of the space M, is reduced to the similar problem
for M, (H). In the present paper Andrei Nikolaevich systematically develops
the idea of the set M,,(H) via a representation of its vectors as linear combina-
tions (superpositions) of special decomposable tensors of the space of hypernets
called half-instantons. By this method there are obtained two main results of
the paper - the proofs of unirationality of the space M, and of the main com-
ponent of the space M5 containing instantons of t’Hooft. The first of these
results is still the best achieved in the field, and there is a conjecture that My
is rational. Remark that a little earlier than this paper had appeared there was
proved irreducibility (W.Barth, 1981) and smoothness (J.Le Potier, 1981) of
My. (Similar results for the case n < 3 were stated earlier: n = 1 - by W.Barth,
1977; n = 2 - by R.Hartshorne, 1978; n = 3 - by G.Ellingsrud and Strgmme,
1981.) The second result was improved only much later by P.Katsylo (1993)
who proved the rationality of the main component of the space Ms. Very re-
cently I.Coanda, A.Tikhomirov and G.Trautmann (2003) proved smoothness
and irreducibility of M5 in the paper [I.Coanda, A.Tikhomirov, G.Trautmann.
Irreducibility and smoothness of the moduli space of mathematical 5-instantons
over P3. Intern. J. Math., V. 14, No.1 (2003), 1-45]. It is curious that in that
paper the authors use certain technical results on superpositions of instantons
obtained in the present work.

It should be mentioned that another version of a representation of instan-
ton hypernets by superpositions of decomposable tensors is worked out in
the paper by Andrei Nikolaevich [A.N.Tyurin. The instanton equations for
(n + 1)—superpositions of marked adT P® @ adTP? J. reine angew. Math., B.
341 (1983), 131-146] not included in the present collection. In that paper the
author proceeds from hypernets of quadrics to special hypernets of homomor-
phisms and studies these last hypernets by means of their geometric invariants -
the curves of Hesse and Steiner. A general view on the geometry of these curves
as spectral invariants of hypernets was elaborated in the paper by Andrei Niko-
laevich [A.N.Tyurin. The variety of pairs of commuting pencils of symmetric
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matrices. Izvestija AN USSR. Ser. mathem. V. 46, No. 2 (1982), 409-430],
also not included in the present collection. That paper is related to the work of
W.Barth [W.Barth. Irreducibility of the space of mathematical instanton vec-
tor bundles with rank 2 and ne = 4. Math. Ann., 258 (1981), 81-106] devoted
to the proof of the above mentioned result on irreducibility of My in which
Barth points out the relation stated by A.N.Tyurin between the description
of degenerations of instanton hypernets and the enumeration of components
of Hilbert schemes of Steiner space curves supplied with theta-characteristics.
These components in the case of reducible curves are enumerated by Andrei
Nikolaevich for small values of n in the above mentioned paper on commuting
pencils of symmetric matrices.

A. S. Tikhomirov

Delzant models of moduli spaces.

Izv. Mathematics. 2003. (2) 67

Developed by A. N. Tyurin during the last years of his life was the Abelian
Lagrangian Algebraic Geometry (ALAG) that is some universal algebraic view-
point on the geometric quantization area. Besides some other fruitful things,
ALAG allows to compare the outputs of Berezin —Toeplitz and Bohr — Sommer-
feld quantization procedures applied to a given symplectic manifold M as soon
M does admit simultaneously an integrable Kéahler structure and some com-
pletely integrable real polarization. In this paper A. N. Tyurin carries through
such the comparison in a very hardly studied case when M = Mx(2,0) is
the moduli space of holomorphic structures on the topologically trivial rank 2
vector bundle E over a curve ¥ of genus g > 2.

A Kahler structure on M is provided by the algebraic geometric construc-
tion of this moduli space and is prescribed by a choice of a complex structure
on X. An integrable real polarization on M comes from Narasimhan — Se-
shadri identification of M with the moduli space of gauge classes of flat SU(2)-
connections on E or, equivantly, with the space R€, of isomorphism classes
of unitary representations of the fundamental group 7 (2) % SU(2). The
symplectic structure!® on R¢ is induced by 2-form

/K(O’l/\a'g), Where01,02691(2)®5u2,
>

K € S%su} is the Killing form,

16it has singularities for g > 2 and should be considered in orbifold’s terms
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on the whole space of all SU(2)-connections on E. Each ‘pants decomposition’
of ¥ by 3g — 3 simple pairwise non-crossing and non-isotopic loops v C ¥ gives
a complete system of 3g — 3 commuting Hamiltonians:

1
eyt RE—[0,1] : o+— = arccos(tr(g(’y))/?) .
This provides SRC with a structure of Lagrangian fibration
(0.1) RE 5 A

over some convex polyhedron'” A C [0, 1]3973. Goldman has shown'® that
the fibres of (0.1) over interior points of A are the real (3g — 3)-dimensional
Lagrangian tori. So, SR€ has got a symplectic toric variety structure'®.

In this paper, A. N. Tyurin gives precise effective description for A and
constructs very explicitly a chain of flips leading from R€ to ((CIP3)g -t (for
g > 2). This gives an effective precise description for the combinatoric topology
of RC in a purely real stup, that is without any references to the identification
M — Re.

In fact, this result does much more than close a gap which defied the real
topologists over quite a long time. It implies at once that ‘the conformal block
spaces’2? HO(M,9®"N), which are the Hilbert spaces for the Kéhler quantization
of M, are naturally isomorphic to the Hilbert spaces coming from the real
polarization of RE€. This offers a big challenge, because the Kéhler conformal
blocks depend only on a complex structure on ¥ (and are not related to a
pants decomposition of ) but the real conformal blocks?!, quite the contrary,
depend only on the Lagrangian fibration (0.1) (and have no concern with a
complex structure).

A. N. Tyurin evolves this beautiful remark in his last book?? ‘Quantisation,
Classical and Quantum Field Theory and Theta - Functions’, where he uses the
Bortwick — Paul — Uribe map?? to attach a section og € H°(M,9*N) to each
Bohr — Sommerfeld torus S in the fibration (0.1) and to show that these sec-
tions og form the standard base in the space of (non Abelian) theta-functions.
On one side, this construction immediately gives a flat projective connection on
the bundle of holomorphic conformal blocks over the moduli space of complex
structures on ¥. On the other side, we get a collection of transition matrices

17it is called the Delzant polyhedron

18see Goldman W. The symplectic nature of fundamental groups of surfaces. Adv. in Math.
54 (1984) pp. 200-225 and Goldman W. Invariant functions on Lie groups and Hamiltonian
flows of surface group representations. Invent. Math., 85, 1986, pp. 263-302

in the sense of Guillemin V. Moment maps and combinatorial invariants of Hamiltonian
T™-spaces. Birkhduser (Progress in Mathematics 122), 1994.

20i e. the spaces of global sections of the natural ¥-bundle on M

21i.e. the spaces spanned by Bohr ~Sommerfeld fibres of the projection (0.1)

22its preliminary version is available at math.AG/0210466

23see Borthwick D., Paul T. and Uribe A. Legendrian distributions with applications to the
non-vanishing of Poincaré series of large weight. Invent. math, 122 (1995), pp. 359-402 or
hep-th/9406036
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between the Bohr — Sommerfeld bases in H°(M,9®") coming from the differ-
ent pants decompositions of ¥ and these transition matrices, clearly, form ‘a
rational conformal field theory’ over the graph of all pants decompositions.

So, this short elegant paper displays once again the staggering talent of
Andrey Nikolaevich for assembling a lot of distinct complicated technical details
coming from distant branches of mathematics into strikingly clear geometric
picture.

A. L. Gorodentsev



This is the first volume of a three volume collection of Andrey Nikolaevich Tyurin‘s
Selected Works. It includes his most interesting articles in the field of classical
algebraic geometry, written during his whole career from the 1960s. Most of
these papers treat different problems of the theory of vector bundles on curves

and higher dimensional algebraic varieties, a theory which is central to algebraic
geometry and most of its applications.
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