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Preface

Algebraic geometry is the geometric study of sets of solutions to polynomial equa-
tions over a field (or ring). These objects, called algebraic varieties (or schemes
or ...), can be studied using tools from commutative and homological algebra.
When the field is the field of complex numbers, these methods can be supplemented
with transcendental ones, that is, by methods from complex analysis, differential
geometry, and topology. Much of the beauty of the subject stems from the rich
interplay of these various techniques and viewpoints. Unfortunately, this also makes
it a hard subject to learn. This book evolved from various courses in algebraic
geometry that I taught at Purdue. In these courses, I felt my job was to act as a
guide to the vast terrain. I did not feel obligated to cover everything or to prove
everything, because the standard accounts of the algebraic and transcendental sides
of the subject by Hartshorne [60] and Griffiths and Harris [49] are remarkably
complete, and perhaps a little daunting as a consequence. In this book I have
tried to maintain a reasonable balance between rigor, intuition, and completeness.
As for prerequisites, I have tried not to assume too much more than a mastery of
standard graduate courses in algebra, analysis, and topology. Consequently, I have
included discussions of a number of topics that are technically not part of alge-
braic geometry. On the other hand, since the basics are covered quickly, some prior
exposure to elementary algebraic geometry (at the level of say Fulton [40], Harris
[58, Chapters 1-5] or Reid [97]) and calculus with manifolds (as in Guillemin and
Pollack [56, Chapters 1 & 4] or Spivak [109]) would certainly be desirable, although
not absolutely essential.

This book is divided into a number of somewhat independent parts with slightly
different goals. The starred sections can be skipped without losing much continuity.
The first part, consisting of a single chapter, is an extended informal introduction
illustrated with concrete examples. It is really meant to build intuition without a
lot of technical baggage. Things really get going only in the second part. This is
where sheaves are introduced and used to define manifolds and algebraic varieties
in a unified way. A watered-down notion of scheme—sufficient for our needs—
is also presented shortly thereafter. Sheaf cohomology is developed quickly from
scratch in Chapter 4, and applied to de Rham theory and Riemann surfaces in the

vii



viii Preface

next few chapters. By Part III, we move into Hodge theory, which is really the
heart of transcendental algebraic geometry. This is where algebraic geometry meets
differential geometry on the one hand, and some serious homological algebra on the
other. Although I have skirted around some of the analysis, I did not want to treat
this entirely as a black box. I have included a sketch of the heat equation proof of
the Hodge theorem, which I think is reasonably accessible and quite pretty. This
theorem along with the weak and hard Lefschetz theorems have some remarkable
consequences for the geometry and topology of algebraic varietes. I discuss some
of these applications in the remaining chapters. From Hodge theory, one extracts
a set of useful invariants called Hodge numbers, which refine the Betti numbers.
In the fourth part, I consider some methods for actually computing these numbers
for various examples, such as hypersurfaces. The task of computing Hodge numbers
can be converted to an essentially algebraic problem, thanks to the GAGA theorem,
which is explained here as well. This theorem gives an equivalence between certain
algebraic and analytic objects called coherent sheaves. In the fifth part, I end the
book by touching on some of the deeper mysteries of the subject, for example, that
the seemingly separate worlds of complex geometry and characteristic p geometry
are related. I will also explain some of the conjectures of Grothendieck, Hodge, and
others along with a context to put them in.

I would like to thank Bill Butske, Harold Donnelly, Ed Dunne, Georges
Elencwajg, Anton Fonarev, Fan Honglu, Su-Jeong Kang, Mohan Ramachandran,
Peter Scheiblechner, Darren Tapp, and Razvan Veliche for their suggestions and
clarifications. My thanks also to the NSF for their support over the years.

Donu Arapura
Purdue University
November, 2011
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Introduction through Examples



Chapter 1
Plane Curves

Algebraic geometry is geometry. This sounds like a tautology, but it will be easy to
forget once we start learning about sheaves, cohomology, Hodge structures, and so
on. So perhaps it is a good idea to keep ourselves grounded by taking a very quick
tour of the classical theory of complex algebraic curves in the plane, using only
primitive, and occasionally nonrigorous, tools. This will hopefully provide a better
sense of where the subject comes from and where we want to go. Once we have
laid the proper foundations in later chapters, we will revisit these topics and supply
some of the missing details.

The treatment here is very much inspired by Clemens’s wonderful book [20] as
well as the first chapter of Arbarello, Cornalba, Griffiths, and Harris’s treatise [5].

1.1 Conics

A complex affine algebraic plane curve is the set of zeros

X =V(f)={(xy) € C*| f(x,y) = 0} (1.1.1)

of a nonconstant polynomial f(x,y) € C[x,y]. Notice that we call this a curve
because it has one complex dimension. However, we will be slightly inconsistent
and refer to this occasionally as a surface, especially when we want to emphasize
its topological aspects. The curve X is called a conic if f is a quadratic polynomial.
The study of conics over R is something one learns in school. The complex case
is actually easier, since distinctions between ellipses and hyperbolas disappear. The
group of affine transformations

X anx-+apy+b
—
y ax1x+axy+b

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 3
DOI 10.1007/978-1-4614-1809-2_1, © Springer Science+Business Media, LLC 2012



4 1 Plane Curves

with det(a;;) # 0 acts on C2. High-school methods can be used to show that
after making a suitable affine transformation, there are three possibilities along with
subcases:

1. A union of two (possibly identical, parallel, or incident) lines.
2. Acircle x> +y* = 1.
3. A parabola y = x%.

Things become simpler if we add a line at infinity. This can be achieved by
passing to the projective plane P? = IP’(Z:, which is the set of lines in C? contain-
ing the origin. To any (xo,x1,x2) € C? — {0}, there corresponds a unique point
[x0,X1,%2] = span{(xo,x1,x2)} € P2. We embed C?> C IP? as an open set by send-
ing (x,y) + [x,y, 1]. The line at infinity is the complement given by x, = 0. The x;
are called homogeneous coordinates, although these are not coordinates in the tech-
nical sense of the word. The true coordinates are given by the ratios xo/x2,x; /x2 on
the chart {x, # 0}, xo/x1,x2/x1 on {x; # 0}, and x; /x0,x2 /xp on {x # 0}. We iden-
tify x = xo/x2, y = x1 /x2. The closure of an affine plane curve X = V(f) in P2 is the
projective algebraic plane curve

X = {[x0,x1,%2] € P? | F(xg,x1,x2) =0}, (1.1.2)

where .
F(x0,x1,x2) =xzegff(xo/x27x1/x2)

is the homogenization of f.

The projective linear group PGL3(C) = GL3(C)/C* acts on IP? via the standard
GL3(C) action on C3. The game is now to classify the projective conics up to a
projective linear transformation. The list simplifies to three cases including all the
degenerate cases: a single line, two distinct lines that meet, and the projectivized
parabola C given by

X3 — x1x2 = 0. (1.1.3)

If we allow nonlinear transformations, then things simplify further. The map from

the complex projective line to the plane given by [s, ] ~— [st,s,%] gives a bijection
of P! to C. The inverse can be expressed as

[)C() X1 XZ] —s [x17x()] if (xl 7x0) 7& O7
o [x0,x2] if (x0,x2) #O.

Note that these expressions are consistent by (1.1.3). These formulas show that C is
homeomorphic, and in fact isomorphic in a sense to be explained in the next chapter,
to P'. Topologically, this is just the two-sphere S2.



1.2 Singularities 5
Exercises

1.1.1. Show that the subgroup of PGL3(C) fixing the line at infinity is the group of
affine transformations.

1.1.2. Deduce the classification of projective conics from the classification of
quadratic forms over C.

1.1.3. Deduce the classification of affine conics from Exercise 1.1.1.

1.2 Singularities

We recall a version of the implicit function theorem:

Theorem 1.2.1. If f(x,y) is a polynomial such that f,(0,0) = ‘3( (0,0) # O, then in
a neighborhood of (0,0), V(f) is given by the graph of an analytic function’y = ¢ (x)
with ¢’ (0) # 0.

In outline, we can use Newton’s method. Set ¢ (x) = 0, and

 fx0()
£ 0u(x))”

Then ¢, will converge to ¢. Proving this requires some care, of course.
A point (a,b) on an affine curve X = V(f) is a singular point if

af _df o
ox (a,b) = 9y (a,b) =0;

¢n+1(x) = fn (x)

otherwise, it is nonsingular. In a neighborhood of a nonsingular point, we can use
the implicit function theorem to write x or y as an analytic function of the other
variable. So locally at such a point, X looks like a disk. By contrast, the nodal curve
y? = x?(x+ 1) looks like a union of two disks touching at (0,0) in a small neighbor-
hood of this point given by |¢ + 1| < € in the parameterization

x:tz—l,

y = xt.

See Figure 1.1 for the real picture.

The two disks are called branches of the singularity. Singularities may have only
one branch, as in the case of the cusp y> = x> (Figure 1.2).
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Fig. 1.1 Nodal curve.

Fig. 1.2 Cuspidal curve.

In order to get a better sense of the topology of a complex singularity, we can
intersect the singularity f(x,y) = 0 with a small 3-sphere,

$*={(y) € C* [ W+ ]y = €2},

to get a circle S' embedded in 3 in the case of one branch. The embedded circle is
unknotted when this is nonsingular, but it would be knotted otherwise. For the cusp,
we would get a trefoil or (2,3) torus knot [87].

The affine plane curve X (1.1.1) is called nonsingular if all its points are non-
singular. The projective curve X (1.1.2) is nonsingular if all of its points including
points at infinity are nonsingular. In explicit terms, this means that the affine curves
f,y)=F(x,y,1)=0,F(l,y,z) =0, and F(x,1,z) = 0 are all nonsingular. A non-
singular curve is an example of a Riemann surface or a one-dimensional complex
manifold.
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Exercises

1.2.2. Prove the convergence of Newton’s method in the ring of formal power series
C[[x]], where ¢, — 0 if and only if the degree of its leading term — co. Note that this
ring is equipped with the x-adic topology, where the ideals (x") form a fundamental
system of neighborhoods of 0.

1.2.3. Prove that Fermat’s curve xg + x| +x5 = 0 in PP is nonsingular.

1.3 Bézout’s Theorem

An important feature of the projective plane is that any two lines meet. In fact, it has
a much stronger property:

Theorem 1.3.1 (Weak Bézout’s theorem). Any mwo algebraic curves in P?
intersect.

We give an elementary classical proof here using resultants. Given two monic
polynomials

n
FO) =Y+ a1y + a0 =] —r),
=1
m

8 =y"+bu "+t b =[]0 —sy).
=

their resultant is the expression

Res(f,g) = [(ri—s))-

ij

It is obvious that Res(f,g) = 0 if and only if f and g have a common root. From
the way we have written it, it is also clear that Res(f,g) is a polynomial of degree
mninry,...,r,,s1,...,S, that is symmetric separately in the 7’s and s’s. So it can be
rewritten as a polynomial in the elementary symmetric polynomials in the »’s and
s’s. In other words, Res(f,g) is a polynomial in the coefficients a; and b;. Standard
formulas for it can be found, for example, in [76].

Proof. Assume that the curves are given by homogeneous polynomials F'(x,y,z)
and G(x,y,z) respectively. After translating the line at infinity if necessary, we can
assume that the polynomials f(x,y) = F(x,y,1) and g(x,y) = G(x,y,1) are both
nonconstant in x and y. Treating these as polynomials in y with coefficients in Clx],
the resultant Res(f,g)(x) can be regarded as a nonconstant polynomial in x. Since
C is algebraically closed, Res(f,g)(x) must have aroot, say a. Then f(a,y) =0 and
g(a,y) = 0 have a common solution. O
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It is worth noting that this argument is entirely algebraic, and therefore applies
to any algebraically closed field, such as the field of algebraic numbers Q. So as a
bonus, we get the following arithmetic consequence.

Corollary 1.3.2. If the curves are defined by equations with coefficients in QQ, then
the there is a point of intersection with coordinates in Q.

Suppose that the curves C,D C P? are irreducible and distinct. Then it is not
difficult to see that CN D is finite. We can ask how many points are in the inter-
section. To get a more refined answer, we can assign a multiplicity to the points
of intersection. If the curves are defined by polynomials f(x,y) and g(x,y) with a
common isolated zero at the origin O = (0,0), then define the intersection multi-
plicity at O by

i0(C,D) = dimCl[x,)]]/(/.5).

where C[[x,y]] is the ring of formal power series in x and y. The ring of convergent
power series can be used instead, and it would lead to the same result. The multipli-
cities can be defined at other points by a similar procedure. While this definition is
concise, it does not give us much geometric insight. Here is an alternative: i,(D, E)
is the number of points close to p in the intersection of small perturbations of these
curves. More precisely, we have the following:

Lemma 1.3.3. i,(D, E) is the number of points in {f(x,y) = e} N{g(x,y) =n}nN
Bs(p) for small positive |€|,|n|, 8, where Bs(p) is a 8-ball around p.

Proof. This follows from [42, 1.2.5¢]. O

There is another nice interpretation of this number worth mentioning. If K}, K> C
$3 are disjoint knots, perhaps with several components, their linking number is
roughly the number of times one of them passes through the other. A precise
definition can be found in any basic book on knot theory (e.g., [98]).

Theorem 1.3.4. Given a small sphere S° about p, i »(D,E) is the linking number of
DNS*and ENS3.

Proof. See [42,19.2.4]. O

We can now state the strong form of Bézout’s theorem. We will revisit this in
Corollary 11.2.7.

Theorem 1.3.5 (Bézout’s theorem). Suppose that C and D are algebraic curves
with no common components. Then the sum of intersection multiplicities at points
of CN D equals the product of degrees degC - deg D, where degC and degD are the
degrees of the defining polynomials.

Corollary 1.3.6. The cardinality #C N\ D is at most degC - degD.
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Exercises

1.3.7. Show that the vector space C[[x,y]]/(f,g) considered above is finite-
dimensional if f = 0 and g = 0 have an isolated zero at (0,0).

1.3.8. Suppose that f = y. Using the original definition show that ip(C,D) equals
the multiplicity of the root x = 0 of g(x,0). Now prove Bézout’s theorem when C is
a line.

1.4 Cubics

We now turn our attention to the very rich subject of cubic curves. In the degene-
rate case, the polynomial factors into a product of a linear and quadratic polynomial
or three linear polynomials. Then the curve is a union of a line with a conic or
three lines. So now assume that X (1.1.2) is defined by an irreducible cubic polyno-
mial. It is called an elliptic curve because of its relationship to elliptic functions and
integrals.

Lemma 1.4.1. After a projective linear transformation, an irreducible cubic can be
transformed into the projective closure of an affine curve of the form y* = p(x),
where p(x) is a cubic polynomial. This is nonsingular if and only if p(x) has no
multiple roots.

Proof. See [105, II1 §1]. O

We note that nonsingular cubics are very different from conics, even topologi-
cally.

Proposition 1.4.2. A nonsingular cubic X is homeomorphic to a torus S' x S'.

There is a standard way to visualize this (see Figure 1.3). Mark four points
a,b,c,d = o on P!, where the first three are the roots of p(x). Join a to b and c to d
by nonintersecting arcs o and 8. The preimage of the complement Y = P! — (ocU3)
in X should fall into two pieces both of which are homeomorphic to Y. So in other
words, we can obtain X by first taking two copies of the sphere, slitting them along
o and f3, and then gluing them along the slits to obtain a torus.

Perhaps that was not very convincing. Instead, we will use a parameterization
by elliptic functions to verify Proposition 1.4.2 and more. By applying a further
projective linear transformation, we can put our equation for X into Weierstrass
form

V2 =4x° — arx — as (1.4.1)

with discriminant ag — 27a§ # 0. The idea is to parameterize the cubic by the elliptic
integral



10 1 Plane Curves

Fig. 1.3 Visualizing the cubic.

<d z d
E@=[ = * . (1.4.2)
3
0 Y 20 \/4x —arx —aj

While the integrand appears to have singularities at the zeros of p(x) = 4x> — ayx —
a3, by differentiating y?> = p(x) and substituting, we see that

dx  2dy
y P

has no singularities at these points. Thus the integral (1.4.2) should determine a
holomorphic function E, but it would be “multivalued” because it depends on the
path of integration. We should understand this to mean that E is really a holomorphic
function on the universal cover X of X. To understand the multivaluedness more
precisely, let us introduce the set of periods L C C as the set of integrals of dx/y
around closed loops on X. The set L is actually a subgroup. To see this, let Loop(X)
be the free abelian group consisting of finite formal integer linear combinations
of Y n;y; of closed loops on X. The map y — fydx/y gives a homomorphism of
Loop(X) — C. The image is exactly L, and it is isomorphic to the first homology
group H;(X,Z), which will discussed in more detail later on. We can see that E
descends to a map X — C/L, which is in fact the homeomorphism alluded to in
Proposition 1.4.2.

The above story can be made more explicit by working backward in some sense.
First, we characterize the group L in a different way.
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Theorem 1.4.3. There exists a unique lattice L C C, i.e., an abelian subgroup gene-
rated by two R-linearly independent numbers, such that

ay=g»(L) =60 z 1_4,
AELAF#0

ay=g3(L)=140 Y A°°
AELAH#0

Proof. [106,14.3]. O

Fix the period lattice L as above. The Weierstrass g-function is given by

1 1 1
#(z) = 2 +k€l%7é0((z_l)2 - Az) :

This converges to an elliptic function, which means that it is meromorphic on C
and doubly periodic: #(z+A) = #(z) for A € L [105]. This function satisfies the
Weierstrass differential equation

(@) =40 — (L)@ — g3(L).

Thus g gives exactly the inverse to the integral E. We get an embedding C/L — P?
given by

B {[p(zm(zm ifz¢ L,

[0,1,0] otherwise.

The image is the cubic curve X defined by (1.4.1). This shows that X is a torus
topologically as well as analytically. See [105, 106] for further details.

Exercises

1.4.4. Prove that the projective curve defined by y* = p(x) is nonsingular if and only
if p(x) has no repeated roots.

1.4.5. Prove that the singular projective curve y*> = x> is homeomorphic to the
sphere.

1.5 Genus 2 and 3

A compact orientable surface is classified up to homeomorphism by a single number
called the genus. The genus is O for a sphere, 1 for a torus, and 2 for the surface
depicted in Figure 1.4.
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Fig. 1.4 Genus-2 surface.

We claim that a nonsingular quartic in P? is a three-holed or genus-3 surface.
A heuristic argument is as follows. Let f € Clx,y,z] be the defining equation of
our nonsingular quartic, and let g = (x* +y* + z%)x. The degenerate quartic g = 0
is the union of a nonsingular cubic and a line. Topologically this is a torus meet-
ing a sphere in three points (Figure 1.5). Consider the pencil f; =¢f + (1 —t)g. As ¢
evolves from ¢t = 0 to 1, the three points of intersection in f; = 0 open up into circles,
resulting in a genus-3 surface (Figure 1.6).

Fig. 1.5 Degenerate quartic.

Fig. 1.6 Nonsingular quartic.

In going from degree 3 to 4, we seem to have skipped over genus 2. It is possible to
realize such a surface in the plane, but only by allowing singularities. Consider the
curve X C P? given by

x%x% — x%x% +x(2)x% =0.
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This has a single singularity at the origin [0,0, 1]. To analyze this, switch to affine
coordinates x = xo/x2,y = x| /X2. Then the polynomial x* — y? +x?y? is irreducible,
so it cannot be factored into polynomials, but it can be factored into convergent
power series

=yt = (v y+ D aix'y) (x—y+ Y bijx'yl).
- ~ -\ ~ -
f g

By the implicit function theorem, the branches f = 0 and g = 0 are local analytically
equivalent to disks. It follows that in a neighborhood of the origin, the curve looks
like two disks touching at a point. We get a genus-2 surface by pulling these apart
(Figure 1.7).

Fig. 1.7 Normalization of singular quartic.

The procedure of pulling apart the points described above can be carried out
within algebraic geometry. It is called normalization:

Theorem 1.5.1. Given a curve X, there exist a nonsingular curve X (called the
normalization of X) and a proper surjective morphism H : X — X that is finite-
to-one everywhere and one-to-one over all but finitely many points. This is uniquely
characterized by these properties.

The word “morphism” will not be defined precisely until the next chapter. For
the present, we should understand it to be a map definable by algebraic expressions
such as polynomials. We sketch the construction, which is entirely algebraic. Further
details will be given later on. Given an integral domain R with field of fractions K,
the integral closure of R is the set of elements x € K such that x" +a,_x" ' +--- +
aop = 0 for some a; € R. This is closed under addition and multiplication. Therefore
it forms a ring [8, Chapter 5]. The basic facts can be summarized as follows:

Theorem 1.5.2. If f € C|x,y] is an irreducible polynomial, then the integral closure
R of the domain R = C|x,y|/(f) is finitely generated as an algebra. If C[xy,. .. ,x,] —
R is a surjection, and fi,. .., fy generators for the kernel, then

V(fi, /) ={(a1,...,an) | filar, ... ,an) = 0}

is nonsingular in the sense that the Jacobian matrix has expected rank (§2.5).



14 1 Plane Curves

Proof. See [8, Proposition 9.2] and [33, Corollary 13.13]. O

Suppose that X = V(f). Then we set X = V(f1,..., fy) C C". We can lift the
inclusion R C R to a homomorphism of polynomial rings by completing the diagram

(C[xl,...,xn] >
A
hl
|
Clx,y] >R

> 2

This determines a pair of polynomials z(x),h(y) € C[xy,...,x,], which gives a poly-
nomial map H : C" — C?. By restriction, we get our desired map H : X — X. This
is the construction in the affine case. In general, we proceed by gluing these affine
normalizations together. The precise construction will be given in §3.4.

Exercises

1.5.3. Verify that x3x3 — x3x3 + x3x3 = 0 is irreducible and has exactly one singular
point.

1.5.4. Verify that x> — y? + x2y? can be factored as above using formal power series.

1.5.5. Show that t = y/x lies in the integral closure R of C[x,y]/(y* —x*). Show that
R=Cl[t].

1.5.6. Show that 7 = y/x lies in the integral closure R of C[x,y]/(x? —y? +x%y?).
Show that R = C[x,#] /(1 — 12 — x*t?).

1.6 Hyperelliptic Curves

An affine hyperelliptic curve is a curve of the form y> = p(x), where p(x) has distinct
roots. The associated hyperelliptic curve X is gotten by taking the closure in P? and
then normalizing to obtain a nonsingular curve. (We are bending the rules a bit here;
usually the term hyperelliptic is applied only when the degree of p(x) is at least 5.)
Once again we start by describing the topology.

Proposition 1.6.1. X is a genus-g = [degp(x)/2] — 1 surface, where [ | means
round up to the nearest integer.

We postpone a rigorous proof. For now, we can see this by using a cut-and-paste
construction generalizing what we did for cubics. Let a1, ...,a, denote the roots of
p(x) if deg p(x) is even, or the roots together with « otherwise. These points, called
branch points, are exactly where the map X — P! is one-to-one. Take two copies of
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P! and make slits from a; to as, a3 to ag, and so on, and then join them along the
slits. The genus of the resultis n/2 — 1.

Corollary 1.6.2. Every natural number is the genus of some algebraic curve.

The original interest in hyperelliptic curves stemmed from the study of integrals
of the form [ g(x)dx/ \/ p(x). As with cubics, these are well defined only modulo
their periods Ly = { [, q(x dx/ \/p(x) | y closed}. However, this is usually no longer
a discrete subgroup, so C/L, would be a very strange object. What turns out to be
better is to consider all these integrals simultaneously.

Theorem 1.6.3. The differentials \;d(x y i=0,...,g—1, span the space of holomor-
p(x
phic differentials on X, and the set

id
(/ b ) | v closed
0<i<g

is a lattice in C8, i.e., L is a discrete subgroup of maximal rank 2g.

So it appears that the genus plays a deeper role than one might have initially
suspected. That these differentials are holomorphic can be seen by the same sort
of calculation we did in Section 1.4. The remaining assertions will follow almost
immediately from the Hodge decomposition (see Section 10.3). We thus get a well-
defined map from X to the torus J(X) = C8/L given by

</ xdx ) mod L. (1.6.1)

The torus J(X) is called the Jacobian of X, and o is called the Abel-Jacobi map.
Together these form one of the cornerstones of algebraic curve theory.
We can make this more explicit in an example.

Example 1.6.4. Consider the curve X defined by y> = x® — 1. This has genus two, so
that J(X) is a two-dimensional torus. Let E be the elliptic curve given by v = u> — 1.
We have two morphisms 7; : X — E defined by

71:1:u:xz7 V=y,

miu=x2 v=y—lyx3

The second map appears to have singularities, but one can appeal to either general
theory or explicit calculation to show that it is defined everywhere. We can see that
the differential du/v on E pulls back to 2xdx/y and 2v/—1dx/y under m; and m,
respectively. Combining these yields a map m; X mp : X — E X E under which the
lattice defining E x E corresponds to a sublattice L’ C L. Therefore

J(X)=C*/L=(C*/L")/(L/L') = (E X E)/(L/L).
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We express this relation by saying that J(X) is isogenous to E x E, which means
that it is a quotient of the second by a finite abelian group.

It is worthwhile understanding what is going on at a more abstract level, so as to
identify some important players later on in the story. The lattice L can be identified
with either the first homology group H;(X,Z) via the homomorphism Loop(X) —
C# as before, or with the first cohomology group H'(X,Z) = Hom(H,(X,Z),Z)
using Poincaré duality. Using the second description, we have a map

HY(E,Z)®HY(E,Z)~H"(E xE,Z) — H'(X,7Z),

and L' is the image.

A hyperelliptic curve with eight branch points has genus 3. We have also encoun-
tered genus-3 curves as quartics in P2. These constructions yield distinct classes of
examples:

Proposition 1.6.5. A genus-3 curve is either a quartic in P> or hyperelliptic, and
these cases are mutually exclusive.

We give just the broad outline of the last part. First, note that ¢ : X — J(X) can
be defined for any curve X hyperelliptic or otherwise, by a similar recipe replacing
x'dx/+/p(x) with a basis of holomorphic differentials (see §10.3). Let us see how
it can used to distinguish these cases. As we shall see later, dimJ(X) = 3 because
X has genus 3. The set of tangent spaces to any manifold can be assembled into an
object called the tangent bundle, and for J(X) it turns out to be trivial. Thus we may
sensibly identify all the tangent spaces of J(X) with a fixed C3. So now to every
x € X, we have a line 7, C C? given by the image of the derivative of the Abel—
Jacobi map. In this way, we get a map o' : X — P?, sometimes called the Gauss
map, which is the key to the proposition. In the hyperelliptic case y* = p(x), we can
calculate the Gauss map by formally differentiating (1.6.1) and projecting to P2 to
obtain the map

1 x X2

/ 2
o) [y’y’ y] (152,
which is nothing but the original map X — P!, defined by (x,y) + x, followed by
the embedding of P! — P2 as a conic. In particular, o’ would be two-to-one in this
case.

In the nonhyperelliptic case, X is defined by a homogeneous quartic polyno-
mial F(xp,x1,%;) in homogeneous coordinates. Setting x = xo/x2,y = x1/xy as
usual, a holomorphic differential on X N C? is simply given as a restriction of
o = g(x,y)dx+ h(x,y)dy with g and & holomorphic. It can be shown that a nonzero
o would become singular at infinity, and this makes it hard to find forms such
that w|x is holomorphic everywhere. Instead, we do an indirect construction using

residues. We recall that the wedge product is determined by

(gdx+ hdy) N (pdx+qdy) = (gq — hp)dx Ady,



1.6 Hyperelliptic Curves 17

where dx Ady # 0 is a symbol. Let f(x,y) = F(x,y,1). We can wedge ® and df/ f
together to obtain a 2-form

a)’:w/\dff:a)/\(?dxﬁ—];fdy)

The inverse @’ — @ is well defined modulo df. So the restriction ®|y~c2 depends
only on @’ and is called the Poincaré residue of @’. (A more complete abstract
treatment of residues will be given in Section 12.6.) Now consider the forms

_ pilx,y)dxNdy
w; = 9
f(x,y)

At infinity, we can switch to new coordinates v = x, /x; = y~ !, u = xo/x; = xy~
and t = xp/x9 = x~',s = x1/xo = yx~ . A direct calculation in these coordinates
shows that these forms have poles of order 1 along X and no other singularities
(Exercise 1.6.8). Therefore their residues will be holomorphic everywhere along X,
and in fact, they give a basis for the space of such differentials. Thus

, x y 1
= == 1
o |:fafaf:| [x7y7 ]7

pi=x,y,1. (1.6.2)

1

and this coincides with the given embedding X C P?.
So we see that the geometry of o separates the hyperelliptic and nonhyperelliptic
cases.

Exercises

1.6.6. The curve X above can be constructed in Example 1.6.4 explicitly by gluing
charts defined by y* = x® — 1 and y% =1 —xg viax, =x!, yp = yx 3. Check that X
is nonsingular and that it maps onto the projective closure of y> = x5 — 1.

1.6.7. Using the coordinates from the previous exercise, show that the above formu-
las for ; define maps from X to the projective closure of v = u’ — 1.

1.6.8. Set v =x,/x; =y !,u = x0/x; = xy~!. Rewrite the 2-forms given in (1.6.2)
in these new coordinates. Verify that these are holomorphic multiples of du A
dv/F(u,1,v). Ditto for the coordinates s and .
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Sheaves and Geometry



Chapter 2
Manifolds and Varieties via Sheaves

In rough terms, a manifold is a “space” that looks locally like Euclidean space.
An algebraic variety can be defined similarly as a “space” that looks locally like
the zero set of a collection of polynomials. Point set topology alone would not be
sufficient to capture this notion of space. These examples come with distinguished
classes of functions (C* functions in the first case, and polynomials in the second),
and we want these classes to be preserved under the above local identifications.
Sheaf theory provides a natural language in which to make these ideas precise.
A sheaf on a topological space X is essentially a distinguished class of functions,
or things that behave like functions, on open subsets of X. The main requirement is
that the condition to be distinguished be local, which means that it can be checked
in a neighborhood of every point of X. For a sheaf of rings, we have an additional
requirement, that the distinguished functions on U C X should form a commutative
ring. With these definitions, the somewhat vague idea of a space can be replaced
by the precise notion of a concrete ringed space, which consists of a topological
space together with a sheaf of rings of functions. Both manifolds and varieties are
concrete ringed spaces.

Sheaves were first defined by Leray in the late 1940s. They played a key role
in the development of algebraic and complex analytic geometry, in the pioneering
works of Cartan, Grothendieck, Kodaira, Serre, Spencer, and others in the follow-
ing decade. Although it is rarely presented in this way in introductory texts (e.g.,
[110, 111, 117]), basic manifold theory can also be developed quite naturally in this
framework. In this chapter we want to lay the basic foundation for the rest of the
book. The goal here is to introduce the language of sheaves, and then to carry out a
uniform treatment of real and complex manifolds and algebraic varieties from this
point of view. This approach allows us to highlight the similarities, as well as the
differences, among these spaces.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 21
DOI 10.1007/978-1-4614-1809-2_2, © Springer Science+Business Media, LLC 2012
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2.1 Sheaves of Functions

As we said above, we need to define sheaves in order eventually to define mani-
folds and varieties. We start with a more primitive notion. In many parts of mathe-
matics, we encounter topological spaces with distinguished classes of functions on
them: continuous functions on topological spaces, C™-functions on R", holomor-
phic functions on C", and so on. These functions may have singularities, so they
may be defined only over subsets of the space; we will be interested primarily in
the case that these subsets are open. We say that such a collection of functions is a
presheaf if it is closed under restriction. Given sets X and T, let Map;(X) denote
the set of maps from X to 7. Here is the precise definition of a presheaf, or rather of
the kind of presheaf we need at the moment.

Definition 2.1.1. Suppose that X is a topological space and 7 a nonempty set.
A presheaf of T-valued functions on X is a collection of subsets & (U) C Mapy(U),
for each open U C X, such that the restriction f|y belongs to (V) whenever
feZU)andV CU.

The collection of all functions Map; (U) is of course a presheaf. Less trivially:

Example 2.1.2. Let T be a topological space. Then the set of continuous functions
Conty 7(U) from U C X to T is a presheaf.

Example 2.1.3. Let X be a topological space and let T be a set. The set T7(U) of
constant functions from U to T is a presheaf called the constant presheaf.

Example 2.1.4. Let X = R". The sets C*(U) of C* real-valued functions form a
presheaf.

Example 2.1.5. Let X = C". The sets ¢/(U) of holomorphic functions on U form a
presheaf. (A function of several variables is holomorphic if it is C* and holomorphic
in each variable.)

Example 2.1.6. Let L be a linear differential operator on R" with C* coefficients
(e.g., X.0%/dx?). Let S(U) denote the space of C* solutions to Lf = 0 in U. This is
a presheaf with values in R.

Example 2.1.7. Let X = R". The sets L?(U) of measurable functions f : U — R
satisfying [, | f|? < oo form a presheaf.

Upon comparing these examples, we see some qualitative differences. The con-
tinuity, C*, and holomorphic conditions are local conditions, which means that they
can be checked in a neighborhood of a point. The other conditions such as constancy
or LP-ness, by contrast, are not. A presheaf is called a sheaf if the defining property
is local. More precisely:

Definition 2.1.8. A presheaf of functions & is called a sheaf if given any open set
U with an open cover {U;}, a function f on U lies in Z(U) if f|y, € Z(U;) for
all i.
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Examples 2.1.2,2.1.4,2.1.5, and 2.1.6 are sheaves, while the other examples are
not, except in trivial cases. More explicitly, suppose that T has at least two elements
t1,f, and that X contains a disconnected open set U. Then we can write U = U UU,
as a union of two disjoint open sets. The function 7 taking the value of #; on U; is
notin 7P (U), but 7|y, € TP (U;). Therefore T* is not a sheaf. Similarly, L? is not a
sheaf for 0 < p < eo because the constant function 1 is not in L?(R"), even though
1 € L?(B) for any ball B of finite radius.

However, there is a simple remedy.

Example 2.1.9. A function is locally constant if it is constant in a neighborhood of
a point. For instance, the function 7 constructed above is locally constant but not
constant. The set of locally constant functions, denoted by T'(U) or Tx (U), is now a
sheaf, precisely because the condition can be checked locally. A sheaf of this form
is called a constant sheaf.

We can always create a sheaf from a presheaf by the following construction.
Example 2.1.10. Given a presheaf &2 of functions from X to T. Define
P*(U)={f:U— T |VxeU,3aneighborhood Uy of x such that f|y, € L (Uy)}.
This is a sheaf called the sheafification of Z.

When & is a presheaf of constant functions, &?* is exactly the sheaf of locally
constant functions. When this construction is applied to the presheaf L”, we obtain
the sheaf of locally L? functions.

Exercises

2.1.11. Check that &?° is a sheaf.

2.1.12. Let A be the presheaf of bounded continuous real-valued functions on R.
Describe % in explicit terms.

2.1.13. Let  : B— X be a surjective continuous map of topological spaces. Prove
that the presheaf of sections

B(U)={0:U — B| o continuous, Vx € U,mo o (x) = x}
is a sheaf.

2.1.14. Given a sheaf % on X and an open set U C X, let &|y denote the presheaf
on U defined by V +— (V) for each V C U. Check that &7y is a sheaf when & is.

2.1.15. Let Y C X be a closed subset of a topological space. Let &2 be a sheaf of
T-valued functions on X. For each open U C Y, let &y (U) be the set of functions
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f:U — T locally extendible to an element of &7, i.e., f € Py (U) if and only if for
each y € U, there exist a neighborhood V C X and an element of &?(V) restricting
to f|vu. Show that Py is a sheaf.

2.1.16. Let F : X — Y be surjective continuous map. Suppose that & is a sheaf of
T-valued functions on X. Define f € 2(U) C Mapy(U) if and only if its pullback
F*f=foF|; 1y belongs to P2 (F~1(U)). Show that 2 is a sheaf on Y.

2.2 Manifolds

As explained in the introduction, a manifold consists of a topological space with
a distinguished class of functions that looks locally like R”. We now set up the
language necessary to give a precise definition. Let k be a field. Then Map, (X) is a
commutative k-algebra with pointwise addition and multplication.

Definition 2.2.1. Let Z be a sheaf of k-valued functions on X. We say that % is a
sheaf of algebras if each R(U) C Map,(U) is a subalgebra when U is nonempty.
We call the pair (X, Z) a concrete ringed space over k or simply a concrete k-space.
We will sometimes refer to elements of % (U) as distinguished functions.

The sheaf Z is called the structure sheaf of X. In this chapter, we usually omit
the modifier “concrete,” but we will use it later on after we introduce a more general
notion. Basic examples of R-spaces are (R", Contgs i) and (R”,C*), while (C", 0)
is an example of a C-space.

We also need to consider maps F' : X — Y between such spaces. We will certainly
insist on continuity, but in addition we require that when a distinguished function is
precomposed with F, or “pulled back™ along F, it remain distinguished.

Definition 2.2.2. A morphism of k-spaces (X,#) — (Y,.#) is a continuous map
F: X —Y suchthatif f € .7 (U), then F* f € Z(F~'U), where F*f = f o F| ;1.

It is worthwhile noting that this completely captures the notion of a C*, or holo-
morphic, map between Euclidean spaces.

Example 2.2.3. A C* map F : R" — R™ induces a morphism (R",C*) — (R™,C*)
of R-spaces, since C* functions are closed under composition. Conversely, if F' is a
morphism, then the coordinate functions on R™ are expressible as C~ functions of
the coordinates of R", which implies that F is C~.

Example 2.2.4. Similarly, a continuous map F : C* — C™ induces a morphism of
C-spaces if and only if it is holomorphic.

This is a good place to introduce, or perhaps remind the reader of, the notion of a
category [82]. A category ¥ consists of a set (or class) of objects Obj% and for each
pairA,B € €, a set Hom¢ (A, B) of morphisms from A to B. There is a composition
law

o : Homy (B,C) x Homy (A,B) — Homg (A, C),
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and distinguished elements id4s € Home (A,A) that satisfy

(C1) associativity: fo(goh)=(fog)oh,
(C2) identity: foidy = fandidpog =g,

whenever these are defined. Categories abound in mathematics. A basic example
is the category of Sets. The objects are sets, Homges (A, B) is just the set of maps
from A to B, and composition and id4 have the usual meanings. Similarly, we can
form the category of groups and group homomorphisms, the category of rings and
ring homomorphisms, and the category of topological spaces and continuous maps.
We have essentially constructed another example. We can take the class of objects
to be k-spaces, and morphisms as above. These can be seen to constitute a category
once we observe that the identity is a morphism and the composition of morphisms
is a morphism.

The notion of an isomorphism makes sense in any category. We will spell this
out for k-spaces.

Definition 2.2.5. An isomorphism of k-spaces (X, %) = (Y,.) is a homeomor-
phism F : X — Y such that f € . (U) if and only if F*f € Z(F~'U).

Given a sheaf . on X and an open set U C X, let .|y denote the sheaf on U
defined by V — #(V) foreach V C U.

Definition 2.2.6. An n-dimensional C* manifold is an R-space (X,Cy) such that

1. The topology of X is given by a metric.
2. X admits an open cover {U;} such that each (U;,Cy|y,) is isomorphic to
(B;,C>|p,) for some open balls B; C R".

Remark 2.2.7. Itis equivalent and perhaps more standard to require that the topology
be Hausdorff and paracompact rather than metrizable. The equivalence can be seen
as follows. The paracompactness of metric spaces is a theorem of Stone [112, 70].
In the opposite direction, a Riemannian metric can be constructed using a partition
of unity [110]. The associated Riemannian distance function, which is the infimum
of the lengths of curves joining two points, then provides a metric in the sense of
point set topology.

The isomorphisms (U;,C”|y;) = (Bi,C*|p,) correspond to coordinate charts in
more conventional treatments. The collection of all such charts is called an atlas.
Given a coordinate chart, we can pull back the standard coordinates from the ball to
U;. So we always have the option of writing expressions locally in these coordinates.

There are a number of variations on this idea:

Definition 2.2.8.

1. An n-dimensional topological manifold is defined as above but with (R",C*)
replaced by (R”, Contg» g).

2. An n-dimensional complex manifold can be defined by replacing (R",C*) by
(c,0).
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The one-dimensional complex manifolds are usually called Riemann surfaces.

Definition 2.2.9. A C” map from one C* manifold to another is just a morphism of
R-spaces. A holomorphic map between complex manifolds is defined as a morphism
of C-spaces.

The class of C* manifolds and maps form a category; an isomorphism in this
category is called a diffeomorphism. Likewise, the class of complex manifolds and
holomorphic maps forms a category, with isomorphisms called biholomorphisms.
By definition, any point of a manifold has a neighborhood, called a coordinate
neighborhood, diffeomorphic or biholomorphic to a ball. Given a complex manifold
(X, 0x), we say that f : X — Ris C* if and only if f o g is C* for each holomorphic
map g : B— X from a coordinate ball B C C". We state for the record the following:

Lemma 2.2.10. An n-dimensional complex manifold together with its sheaf of C~
functions is a 2n-dimensional C* manifold.

Proof. An n-dimensional complex manifold (X, Oy) is locally biholomorphic to a
ball in C", and hence (X,Cy) is locally diffeomorphic to the same ball regarded as
a subset of R?". O

Later on, we will need to write things in coordinates. The pullbacks of the stan-
dard coordinates on a ball B C C" under local biholomorphism from X D B’ & B,
are referred to as local analytic coordinates on X. We typically denote these by
Z1,---,Zn- Then the real and imaginary parts x; = Re(z1),y; = Im(z;),. .. give local
coordinates for the underlying C”-manifold.

Let us consider some examples of manifolds. Certainly any open subset of R”
(or C") is a (complex) manifold in an obvious fashion. To get less trivial examples,
we need one more definition.

Definition 2.2.11. Given an n-dimensional C*~ manifold X, a closed subset Y C X
is called a closed m-dimensional submanifold if for any point x € Y, there exist a
neighborhood U of x in X and a diffeomorphism to a ball B C R" containing 0 such
that Y N U maps to the intersection of B with an m-dimensional linear subspace.
A similar definition holds for complex manifolds.

When we use the word “submanifold” without qualification, we will always mean
“closed submanifold.” Given a closed submanifold Y C X, define Cy to be the sheaf
of continuous functions that are locally extendible to C* functions on X (see Exer-
cise 2.1.15). This means that f € Cy (U) if every point of U possesses a neighbor-
hood V C X such f|yry = f|vry for some f € C=(V). For a complex submanifold
Y C X, we define Oy to be the sheaf of functions that locally extend to holomorphic
functions.

Lemma 2.2.12. If Y C X is a closed submanifold of a C™ (respectively complex)
manifold, then (Y,Cy) (respectively (Y,0y)) is also a C* (respectively complex)
manifold.
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Proof. We treat the C™ case; the holomorphic case is similar. Choose a local diffeo-
morphism (X,Cy) to a ball B C R” such that ¥ correponds to BNR"™. Then any
C*~ function f(xj,...,x,) on BNR™ extends trivially to a C* function on B and
conversely. Thus (Y, Cy’) is locally diffeomorphic to a ball in R™. O

With this lemma in hand, it is possible to produce many interesting examples of
manifolds starting from R". For example, the unit sphere S§"~1 © R”, which is the
set of solutions to ¥,x? = 1, is an (n — 1)-dimensional manifold. Further examples
are given in the exercises.

The following example, which was touched upon earlier, is of fundamental
importance in algebraic geometry.

Example 2.2.13. Complex projective space P, = CP" is the set of one-dimensional
subspaces of C"!. (We will usually drop the C and simply write P" unless there is
danger of confusion.) Let 7t : C**! — {0} — P" be the natural projection that sends
a vector to its span. In the sequel, we usually denote 7(x,...,x;) by [x0,...,X,].
Then P" is given the quotient topology, which is defined so that U C P" is open if
and only if 7~'U is open. Define a function f : U — C to be holomorphic exactly
when f o is holomorphic. Then the presheaf of holomorphic functions Opn is a
sheaf (Exercise 2.1.16), and the pair (", Opn) is a complex manifold. In fact, if we
set
U,' = {[X(), A ,xn] | Xi 75 0},
then the map e
[%0, - -« s Xn] = (X0 /iy« oy Xi [ Xiy oo oy Xn /i)

induces an isomorphism U; 2 C". The notation ..., X, ... means skip x in the list.

Exercises

2.2.14. Given k-spaces X, Y, prove that morphisms from X to Y can be patched, i.e.,
that the set of morphisms from open subsets of X to Y is a sheaf.

2.2.15. Show that the map f : R — R given by f(x) = x? is a C morphism and a
homeomorphism, but that it is not a diffeomorphism.

2.2.16. Let fi,..., f be C~ functions on R”, and let X be the set of common zeros
of these functions. Suppose that the rank of the Jacobian (d fi/dx;) is n — m at every
point of X. Then show that X is an m-dimensional submanifold using the implicit
function theorem [109, p. 41]. In particular, show that the sphere x% +--- +x3 =1is
a closed (n — 1)-dimensional submanifold of R”.

2.2.17. Apply the previous exercise to show that the set O(n) (respectively U(n))
of orthogonal (respectively unitary) n X n matrices is a submanifold of R (respec-
tively (C”z).
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2.2.18. A manifold that is also a group with C* group operations is called a Lie
group. Show that GL,(C), GL,(R), O(n), and U(n) are examples.

2.2.19. Suppose that I" is a group of diffeomorphisms of a manifold X. Suppose
that the action of I is fixed-point-free and properly discontinuous in the sense that
every point possesses a neighborhood N such that y(N) NN = 0 unless ¥ = id. Give
Y = X/T the quotient topology and let 7 : X — Y denote the projection. Define
f € Cy(U) if and only if the pullback fom is C* in the usual sense. Show that
(Y,Cy) is a C manifold. Deduce that the torus 7 = R"”/Z" is a manifold, and in
fact a Lie group.

2.2.20. Check that the previous exercise applies to complex manifolds, with the
appropriate modifications. In particular, show that £ = C/Z + Zt, Im(7) > 0, is
Riemann surface (called an elliptic curve).

2.2.21. The complex Grassmannian G = G(2,n) is the set of 2-dimensional sub-
spaces of C". Let M C C?" be the open set of 2 x n matrices of rank 2. Let 7 : M — G
be the surjective map that sends a matrix to the span of its rows. Give G the quotient
topology induced from M, and define f € 0 (U) if and only if mo f € Oy (n~'U).
For i # j, let U;; C M be the set of matrices with (1,0)" and (0,1)" for the ith and
Jjth columns. Show that

C* 2 Uy = n(Uy)

and conclude that G is a (2n — 4)-dimensional complex manifold.

2.2.22. Generalize the previous exercise to the Grassmannian G(r,n) of r-dimen-
sional subspaces of C".

2.3 Affine Varieties

Algebraic varieties are spaces that are defined by polynomial equations. Unlike
the case of manifolds, algebraic varieties can be quite complicated even locally.
We first study the local building blocks in this section, before turning to arbi-
trary algebraic varieties. Standard references for the material of this section and
the next are Eisenbud—Harris [34], Harris [58], Hartshorne [60], Mumford [92], and
Shafarevich [104].

Let k be an algebraically closed field. Affine space of dimension n over k is
defined as A} = k". When k = C, we can endow this space with the standard topo-
logy induced by the Euclidean metric, and we will refer to this as the classical
topology. At the other extreme is the Zariski topology, which will be defined below.
It makes sense for any k, and it is useful even for k = C. Unless stated otherwise,
topological notions are with respect to the Zariski topology for the remainder of this
section. On A,{ = k, the open sets consist of complements of finite sets together with
the empty set. In general, this topology can be defined to be the weakest topology
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for which the polynomials A} — k are continuous functions. The closed sets of A}
are precisely the sets of zeros

Z(S) = {ae A"| f(a) =0,Vf € S}

of sets of polynomials S C R = k[xy,...,x,]. Sets of this form are also called
algebraic. The Zariski topology has a basis given by open sets of the form D(g) =
X —Z(g). g € R. Given a subset X C A}, the set of polynomials

IX)={f€R|f(a)=0,YaeX}

is an ideal that is radical in the sense that f € (X) whenever a power of it lies
in I(X). Since k is algebraically closed, Hilbert’s Nullstellensatz [8, 33] gives a
correspondence:

Theorem 2.3.1 (Hilbert). Let R = k|xy,...,x,| with k algebraically closed. There is
a bijection between the collection of algebraic subsets of A} and radical ideals of R
given by X — I(X) with inverse I — Z(I).

This allows us to translate geometry into algebra and back. For example, an
algebraic subset X is called irreducible if it cannot be written as a union of two
proper algebraic sets. This implies that I(X) is prime or equivalently that R/I(X)
has no zero divisors. We summarize the correspondence below:

Theorem 2.3.2 (Hilbert). With R as above, the map I — Z(I) gives a one-to-one
correspondence between the objects in the left- and right-hand columns below:

Algebra Geometry

maximal ideals of R points of A"

maximal ideals of R/J  points of Z(J)

prime ideals in R irreducible algebraic subsets of A"
radical ideals in R algebraic subsets of A"

If U C A} is open, a function F : U — k is called regular if it can be expressed
as a ratio of polynomials F(x) = f(x)/g(x) such that g has no zeros on U.

Lemma 2.3.3. Let Oun(U) denote the set of regular functions on U. Then U +—
Opn(U) is a sheaf of k-algebras. Thus (A}, Oan) is a k-space.

Proof. 1t is clearly a presheaf. Suppose that F' : U — k is represented by a ratio
of polynomials f;/g; on U; C U, where | JU; = U. Since k[xj,...,x,] has unique
factorization, we can assume that these are reduced fractions. Since f;(a)/gi(a) =
fi(a)/gj(a) for all a € U;NUj, equality holds as elements of k(x1,...,x,). There-
fore, we can assume that f; = f; and g; = g;. Thus F € Ox (U). O

An affine algebraic variety is an irreducible subset of some A}. We give X the
topology induced from the Zariski topology of affine space. This is called the Zariski
topology of X. Suppose that X C A} is an algebraic variety. Given an open set
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U C X, afunction F' : U — k is regular if it is locally extendible to a regular function
on an open set of A" as defined above, that is, if every point of U has an open
neighborhood V C A} with a regular function G : V — k for which F' = Glvru.

Lemma 2.3.4. Let X be an dffine variety, and let Ox (U) denote the set of regular
Sfunctions on U. Then U — Ox(U) is a sheaf of k-algebras and Ox(X) =
kxo, ... xn) /1(X).

Proof. The sheaf property of Ox is clear from Exercise 2.1.15 and the previous
lemma. So it is enough to prove the last statement. Let S = k[xo,...,x,]/1(X).
Clearly there is an injection of § — Ox(X) given by sending a polynomial to the
corresponding regular function. Suppose that F € 0y (X). LetJ = {g € S| gF € S}.
This is an ideal, and it suffices to show that 1 € J. By the Nullstellensatz, it is enough
to check that Z(J') = 0, where J' C kl[xo, . .., X,| is the preimage of J. By assumption,
for any a € X there exist polynomials f, g such that g(a) # 0 and F(x) = f(x)/g(x)
for all x in a neighborhood of a. We have g € J, where g is the image of g in S.
Therefore a ¢ Z(J'). O

Thus an affine variety gives rise to a k-space (X, Oy). The ring of global regular
functions O(X) = Ox(X) is an integral domain called the coordinate ring of X.
Its field of fractions k(X) is called the function field of X. An element f/g of this
field that determines a regular function on the open subset D(g) is called a rational
function on X.

As we will explain later, ' (X) is a complete invariant for an affine variety, that is,
it is possible to reconstruct X from its coordinate ring. For now, we will be content
to recover the underlying topological space. Given a ring R, we define the maximal
ideal spectrum Spec,, R as the set of maximal ideals of R. For any ideal I C R, let

V({I)={p € Specy, R|I C p}.
The verification of the following standard properties will be left as an exercise.

Lemma 2.3.5.

(a) V(IT) = V() UV(J).
(b) V(ZL) = V().

As a corollary, it follows that the collection of sets of the form V(1) constitutes
the closed sets of a topology on Spec,, R called the Zariski topology once again.
A basis of the Zariski topology on Spec,, R is given by D(f) =X — V(f).

Lemma 2.3.6. Suppose that X is an affine variety. Given a € X, let
ma ={f € 0(X)|f(a) =0}
Then m, is a maximal ideal, and the map a — my induces a homeomorphism

X = Spec,, 0(X).
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Proof. The set m, is clearly an ideal. It is maximal because evaluation at a induces
an isomorphism & (X)/m, = k. The bijectivity of a — m,, follows from the Nullstel-
lensatz. The pullback of V (I) is precisely Z(I). O

In the sequel, we will use the symbols Z and V interchangeably.

Exercises

2.3.7. Identify AZZ with the space of square matrices. Determine the closures in the
Zariski topology of

(a) The set of matrices of rank r.
(b) The set of diagonalizable matrices.
(c) The set of matrices A of finite order in the sense that AN = I for some N.

2.3.8. Prove Lemma 2.3.5.

2.3.9. Given affine varieties X C A} and ¥ C A}’. Defineamap FF: X — Y to be a
morphism if

F(ay,...,an) = (fi(a,...,an),..., fm(ay,...,an))

for polynomials f; € k[xy,...,x,]. Show that a morphism F is continuous and F* f
is regular whenever f is regular function defined on U C Y. Conversely, show that
any map with this property is a morphism. Finally, show that morphisms are closed
under composition, so that they form a category.

2.3.10. Show that the map X — (X)) determines a contravariant functor from the
category of affine varieties to the category of affine domains, i.e., finitely generated
k-algebras that are domains, and algebra homomorphisms. Show that this deter-
mines an antiequivalence of categories, which means

1. Hom(X,Y) 2Hom(0(Y), 0(X)).
2. Every affine domain is isomorphic to some &'(X).

2.3.11. Given closed (irreducible) subsets X C A} and ¥ C A}’, show that X x ¥ C
AZ*’” is closed (and irreducible). This makes X x Y into an affine variety called
the product. Prove that (X xY) = 0(X) ®; O(Y) as algebras, and deduce that
XxY=2X'xY'if X=X andY =Y. So it does not depend on the embedding.

2.3.12. An (affine) algebraic group is an algebraic geometer’s version of a Lie group.
It is an affine variety G that is also a group such that the group multiplication G x
G — G and inversion G — G are morphisms. Show that the set G = GL,, (k) of n x n

invertible matrices is an algebraic group (embed this into AZZH by A — (A,detA)).
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2.4 Algebraic Varieties

Fix an algebraically closed field k once again. In analogy with manifolds, we can
define an (abstract) algebraic variety as a k-space that is locally isomorphic to an
affine variety and that satisfies some version of the Hausdorff condition. It will be
convenient to ignore this last condition for the moment. The resulting objects are
dubbed prevarieties.

Definition 2.4.1. A prevariety over k is a k-space (X, O ) such that X is connected
and there exists a finite open cover {U;}, called an affine open cover, such that
each (U;, Ox|y,) is isomorphic, as a k-space, to an affine variety. A morphism of
prevarieties is a morphism of the underlying k-spaces.

Before going further, let us consider the most important nonaffine example.

Example 2.4.2. Let P} be the set of one-dimensional subspaces of kK"*1. Using the
natural projection 7 : A"t — {0} — P, give [P} the quotient topology (U C PP} is
open if and only if 7~'U is open). Equivalently, the closed sets of [P} are zeros of
sets of homogeneous polynomials in k[xo, ... ,x,]. Define a function f : U — k to be
regular exactly when f o r is regular. Such a function can be represented as the ratio

p(x0,5--,Xn)

fom(xg,...,Xp) =
( n) 6]()6(),...,)6,,)

of two homogeneous polynomials of the same degree such that g has no zeros on
7~ 'U. Then the presheaf of regular functions & is a sheaf, and the pair (P}, Opn)
is easily seen to be a prevariety with affine open cover {U;} as in Example 2.2.13.

The Zariski topology is never actually Hausdorff except in the most trivial cases.
However, there is a good substitute called the separation axiom. To motivate it, we
make the following observation:

Lemma 2.4.3. Let X be a topological space. Then the following statements are
equivalent:

(a) X is Hausdorff.

(b) If f,g: Y — X is a pair of continuous functions, the set {y €Y | f(y) =g(y)} is
closed.

(c) The diagonal A = {(x,x) |x € X} is closed in X x X with its product topology.

Proof. Suppose that X is Hausdorff. If f,g : ¥ — X are continuous functions with
f(vo) # g(yvo), then f(y) # g(y) for y in a neighborhood of yy, so (b) holds.
Assuming that (b), (c) is obtained by applying (b) to the projections p1,py : X x X —
X. The final implication from (c) to (a) is clear. O

We use (b) of the previous lemma as the model for our separation axiom.

Definition 2.4.4. A prevariety (X, Ox) is said to be a variety, or is called separated,
if for any prevariety Y and pair of morphisms f,g:Y — X, theset {y € Y | f(y) =
g(y)} is closed. A morphism of varieties is simply a morphism of prevarieties.
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Example 2.4.5. Let X = A' UA! glued along U = A' — {0} via the identity, but with
the origins not identified. Then X is a prevariety, but it is not a variety, because the
identity U — X extends to A! in two different ways by sending O to the first or
second copy of Al

Item (c) of Lemma 2.4.3 gives a more usable criterion for separation. Before
we can formulate the analogous condition for varieties, we need products. These
were constructed for affine varieties in Exercise 2.3.11, and the general case can be
reduced to this. Full details can be found in [92, 1§6].

Proposition 2.4.6. Let (X,0x) and (Y,0y) be prevarieties. Then the Cartesian
product X X Y carries the structure of a prevariety such that the projections py :
X xY — X and py : X XY — Y are morphisms, and if (Z,07) is any prevariety
that maps via morphisms f and g to X and Y, thenthe map f x g:Z — X XY isa
morphism of prevarieties.

Lemma 2.4.7. A prevariety is a variety if and only if the diagonal A is closed in
X x X.

Proof. If X is a variety, then A is closed because it is the locus where p; and p;
coincide. Conversely, if A is closed, then sois {y | f(y) =g(y)} = (f xg)~'A. DO

Here are some basic examples.

Example 2.4.8. Affine spaces are varieties, since the diagonal A C A%” = A} x A}
is the closed set defined by x; = xjt.

Example 2.4.9. Projective spaces are also varieties. The product can be realized as

the image of the Segre map P} x P} C ]P,(Cnﬂ)(nﬂ)_l given by

([%05 -+« s Xn]5 V05 - - -y n]) — [X0Y0sX0Y15 - - « » XuVn)-
The diagonal is given by explicit equations. See Exercise 2.4.14.

Further examples can be produced by taking suitable subsets. Let (X, Ox) be
an algebraic variety over k. A closed irreducible subset Y C X is called a closed
subvariety. Given an open set U C Y, define Oy (U) to be the set functions that are
locally extendible to regular functions on X.

Proposition 2.4.10. Suppose that Y C X is a closed subvariety of an algebraic
variety. Then (Y, Oy) is an algebraic variety.

Proof. Let {U;} be an open cover of X by affine varieties. Choose an embedding
U; C A’,:’ as a closed subset. Then Y NU; C A’,:’ is also embedded as a closed set, and
the restriction Oy |yny, is the sheaf of functions on ¥ NU; that are locally extendible
to regular functions on A’,:’ . Thus (Y NU;, Oy |lynw,) is an affine variety. This implies
that Y is a prevariety. Denoting the diagonal of X and Y by Ay and Ay respectively,
we see that Ay = Ax NY x Y is closed in X x X, and thereforeinY x Y. O
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It is worth making the description of projective varieties, or closed subvarieties of
projective space, more explicit. A nonempty subset of AZH is conical if it contains
0 and is stable under the action of A € k* given by v +— Av. Given X C P}, CX =
T lxu {0} C AZH is conical, and all conical sets arise in this way. If I C § =
k[xo, . ..,x,] is a homogeneous ideal, then Z(I) is conical and so corresponds to a
closed subset of IP’Z. From the Nullstellensatz, we obtain a dictionary similar to the
earlier one.

Theorem 2.4.11. Let S = (xo,...,x,) be the maximal ideal of the origin. Then
there is a one-to-one correspondence as shown in the table below:

Algebra Geometry
homogeneous radical ideals in S other than S algebraic subsets of P"
homogeneous prime ideals in S other than Sy  algebraic subvarieties of P"

Given a subvariety X C P, the elements of Ox(U) are functions f : U — k such
that f o & is regular. Such a function can be represented locally as the ratio of two
homogeneous polynomials of the same degree.

When k = C, we can use the stronger classical topology on P{ introduced in
Example 2.2.13. This is inherited by subvarieties, and is also called the classical
topology. When there is danger of confusion, we write X" to indicate a variety X
with its classical topology. (The superscript an stands for “analytic.”)

Exercises

2.4.12. Given an open subset U of an algebraic variety X, let 0y = Ox|y. Prove that
(U, Oy ) is a variety. An open subvariety of a projective (respectively affine) variety
is called quasiprojective (respectively quasiaffine).

2.4.13. Let X = A} — {0} with n > 2. Show that &'(X) = k[x1,...,x,]. Deduce that
X is not isomorphic to an affine variety with the help of Exercise 2.3.10.

2.4.14. Verify that the image of Segre’s embedding P" x P ¢ Pr1)(m+1)—1 jg
Zariski closed, and the diagonal A is closed in the product when m = n.

2.4.15. Prove that O'(IP}) = k. Deduce that I} is not affine unless n = 0.

2.4.16. Fix an integer d > 0 and let N = (") — 1. The dth Veronese map v, :
P! — P} is given by sending [xo,...,x,] to [v], where v is the vector of degree-d
monomials listed in some order. Show that this map is a morphism and that the
image is Zariski closed.

2.4.17. Given a nonconstant homogeneous polynomial f € k[xo, ... ,x,], define D(f)
to be the complement of the hypersurface in P} defined by f = 0. Prove that
(D(f), Opn|p(y)) is an affine variety. (Use the Veronese map to reduce to the case of
a linear polynomial.)
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2.4.18. Suppose that X is a prevariety such that any pair of points is contained in an
affine open set. Prove that X is a variety.

2.4.19. Make the Grassmannian Gy (r,n), which is the set of r-dimensional sub-
spaces of k", into a prevariety by imitating the constructions of Exercise 2.2.22.
Check that G (r,n) is in fact a variety.

2.4.20. After identifying k® = A%k*, G (2,4) can be embedded in P} by sending the
span of v,w € k* to the line spanned by @ = v Aw. Check that this is a morphism
and that the image is a subvariety given by the Pliicker equation w A @ = 0. Write
this out as a homogeneous quadratic polynomial equation in the coordinates of ®.

2.4.21. Given an algebraic group G (Exercise 2.3.12), an action on a variety X is
a morphism G x X — X denoted by “-” such that (gh)-x = g- (h-x). A variety is
called homogeneous if an algebraic group acts transitively on it. Check that affine
spaces, projective spaces, and Grassmannians are homogeneous.

2.4.22. The blowup of the origin of A7 is the set
B=BloA" = {(n,0) e A} x P v e ().

Show that this is Zariski closed and irreducible. When k& = C, show that B is a
complex submanifold of C" x IP’%*'. Show that the morphism 7 : B — A} given by
projection is an isomorphism over A} — {0}.

2.4.23. Given an affine variety X C A} containing 0, its blowup is given by
BloX = (X — {0}) C BlpA" C Al x P},

Given a variety x € X with affine open cover {U;}, show that there exists a variety
BI1,X locally isomorphic to Bl (T;).

2.5 Stalks and Tangent Spaces

Given two functions defined in possibly different neighborhoods of a pointx € X, we
say they have the same germ at x if their restrictions to some common neighborhood
agree. This is is an equivalence relation. The germ at x of a function f defined near
X is the equivalence class containing f. We denote this by f;.

Definition 2.5.1. Given a presheaf of functions &7, its stalk &, at x is the set of
germs of functions contained in some &?(U) withx € U.

It will be useful to give a more abstract characterization of the stalk using direct
limits (which are also called inductive limits, or filtered colimits). We explain direct
limits in the present context, and refer to [33, Appendix 6] or [76] for a more com-
plete discussion. Suppose that a set L is equipped with a family of maps &(U) — L,



36 2 Manifolds and Varieties via Sheaves

where U ranges over open neighborhoods of x. We will say that the family is a com-
patible family if &(U) — L factors through &?(V) whenever V C U. For instance,
the maps & (U) — &, given by f +— f, form a compatible family. A set L equipped
with a compatible family of maps is called a direct limit of £ (U) if for any M with
a compatible family & (U) — M, there is a unique map L — M making the obvious
diagrams commute. This property characterizes L up to isomorphism, so we may
speak of the direct limit

lim 2 (U).

—

xelU
Lemma 2.5.2. #; =lim _ 7 (U).

Proof. Suppose that ¢ : Z(U) — M is a compatible family. Then ¢ (f) = ¢(f|v)
whenever f € 2(U) and x € V C U. Therefore ¢(f) depends only on the germ f;.
Thus ¢ induces a map &, — M as required. ad

All the examples of k-spaces encountered so far (C*-manifolds, complex mani-
folds, and algebraic varieties) satisfy the following additional property.

Definition 2.5.3. We will say that a concrete k-space (X, %) is locally ringed if
1/f € Z(U) when f € Z(U) is nowhere zero.

Recall that a ring R is local if it has a unique maximal ideal, say m. The quotient
R/mis called the residue field. We will often convey all this by referring to the triple
(R,m,R/m) as a local ring.

Lemma 2.5.4. If (X, %) is locally ringed, then for any x € X, %y is a local ring with
residue field isomorphic to k.

Proof. Let m, be the set of germs of functions vanishing at x. For %, to be local with
maximal ideal my, it is necessary and sufficient that each f € %y — m, be invertible.
This is clear, since 1/f|y € R(U) for somex € U.

To see that %Z,/m, = k, it is enough to observe that the ideal m, is the kernel of
the evaluation map ev : Z, — k given by ev(f) = f(x), and the map is surjective,
because ev(a) = a when a € k. O

When (X, Ox) is an n-dimensional complex manifold, the local ring O . can be
identified with ring of convergent power series in n variables. When X is a variety,
the local ring Oy . is also well understood. We may replace X by an affine variety
with coordinate ring R = Ox (X). Consider the maximal ideal

my = {f € R[f(x) = 0}.

Lemma 2.5.5. Oy, is isomorphic to the localization

Rmx:{j:‘ |f7g€R7f¢mx}



2.5 Stalks and Tangent Spaces 37

Proof. Let K be the field of fractions of R. A germ in O , is represented by a regular
function defined in a neighborhood of x, but this is the fraction f/g € K with g & m,.
O

By standard commutative algebra [8, Corollary 7.4], the local rings of algebraic
varieties are Noetherian, since they are localizations of Noetherian rings. This is
also true for complex manifolds, although the argument is a bit more delicate [46,
p- 12]. By contrast, when X is a C”-manifold, the stalks are non-Noetherian local
rings. This is easy to check by a theorem of Krull [8, pp. 110-111] that implies that
a Noetherian local ring R with maximal ideal m satisfies N, m" = 0. When R is the
ring of germs of C™ functions on R, then the intersection M, m" contains nonzero

functions such as
1P i x> 0,
0 otherwise.

Nevertheless, the maximal ideals are finitely generated.

Proposition 2.5.6. If R is the ring of germs at 0 of C* functions on R", then its
maximal ideal m is generated by the coordinate functions xi,. . ., Xxp.

Proof. See the exercises. a

In order to talk about tangent spaces in this generallity, it will be convenient to
introduce the following axioms:

Definition 2.5.7. We will say that a local ring R with maximal ideal m and residue
field k satisfies the tangent space conditions if

1. There is an inclusion k C R that gives a splitting of the natural map R — k.
2. The ideal m is finitely generated.

For stalks of C* and complex manifolds and algebraic varieties over k, the residue
fields are respectively R, C, and k. The inclusion of germs of constant functions
gives the first condition in these examples, and the second was discussed above.

Definition 2.5.8. When (R,m, k) is a local ring satisfying the tangent space condi-
tions, we define its cotangent space as Ty = m/m> = m @gk, and its tangent space as
Tz = Hom(7,k). When X is a manifold or variety, we write T, = Tx  (respectively
TP =Tx ) for Ty, (respectively T ).

When (R,m, k) satisfies the tangent space conditions, R/m? splits canonically as
kST

Definition 2.5.9. Let (R,m, k) satisfy the tangent space conditions. Given f € R,
define its differential df as the projection of (f modm?) to T;" under the above
decomposition.
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To see why this terminology is justified, we compute the differential when R is
the ring of germs of C~ functions on R” at 0. Then f € R can be expanded using
Taylor’s formula,

xi+r(x17"'7xn)7
0

d
fGsm) =10+ 3 5

where the remainder r lies in m?. Therefore df coincides with the image of the
second term on the right, which is the usual expression

af
df - z 3)61‘

Lemma 2.5.10. d : R — Ty is a k-linear derivation, i.e., it satisfies the Leibniz rule
d(fg) = f(x)dg +g(x)df.

Proof. See the exercises. a

dxl-.
0

As a corollary, it follows that a tangent vector v € Tz = Ty gives rise to a derivation
6, =vod:R—k.

Lemma 2.5.11. The map v — 0, yields an isomorphism between T and the vector
space Dery (R, k) of k-linear derivations from R to k.

Proof. Given § € Dery(R,k), we can see that §(m?) C m. Therefore it induces a
mapv:m/m2—>R/m:k, and we can check that 6 = 9,. m]

Lemma 2.5.12. When (R,m k) is the ring of germs at 0 of C* functions on R"
(or holomorphic functions on C", or regular functions on A}). Then a basis for
Dery (R, k) is given by

d

D= :
! 8)61' 0

i=1,...,n.

A homomorphism F : § — R of local rings is called local if it takes the maximal
ideal of S to the maximal ideal of R. Under these conditions, we get map of cotangent
spaces TS* — T called the codifferential of F. When residue fields coincide, we can
dualize this to get a map dF : T — Ts. We study this further in the exercises.

A big difference between algebraic varieties and manifolds is that the former can
be very complicated, even locally. We want to say that a variety over an algebraically
closed field & is nonsingular or smooth if it looks like affine space (very) locally, and
in particular if it is a manifold when k = C. The implicit function suggests a way
to make this condition more precise. Suppose that X C A’,:’ is a closed subvariety
defined by the ideal (f1,...,f+) and let x € X. Then x € X should be nonsingular
if the Jacobian matrix (g}{; |x) has the expected rank N —dimX, where dimX can

be defined as the transcendence degree of the function field k(X) over k. We can
reformulate this in a more intrinsic fashion thanks to the following:

Lemma 2.5.13. The vector space Tx  is isomorphic to the kernel of ( g}{’ [x)-
: J
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Proof. LetR=Oyn ,,S= Oxx=R/(fi,...,f;) and T : R — S be the natural map.
We also set J = (g}’:' ) Then any element 8’ € Der (S, k) gives a derivation 6’ o €
J

Dery (R, k), which vanishes only if 8 vanishes. A derivation in 8 € Der (R, k) comes
from S if and only if §(f;) = O for all i. We can use the basis d/dx;|. to identify
Dery (R, k) with kV. Putting all of this together gives a commutative diagram

8)—>6 i
0 > Der(S, k) > Der(R, k) (ri

14
I

from which the lemma follows. O

Definition 2.5.14. A point x on a (not necessarily affine) variety X is called a non-
singular or smooth point if dim 7y , = dimX; otherwise, x is called singular; X is
nonsingular or smooth if every point is nonsingular.

The condition for nonsingularity of x is usually formulated as saying that the
local ring O , is a regular local ring, which means that dim O , = dim 7, [8, 33].
But this is equivalent to what was given above, since dimX coincides with the Krull
dimension [8, 33] of the ring Oy .. Affine and projective spaces are examples of
nonsingular varieties.

Over C, we have the following characterization.

Proposition 2.5.15. Given a subvariety X C CN and a point x € X, the point x is
nonsingular if and only if there exists a neighborhood U of x in CN for the classical
topology such that X NU is a closed complex submanifold of CN, with dimension
equal to dimX.

Proof. This follows from the holomorphic implicit function theorem
[66, Theorem 2.1.2]. O

Corollary 2.5.16. Given a nonsingular algebraic subvariety X of Af. or P{, the
space X*" is a complex submanifold of C" or IP¢.

Finally, we note the following result:

Proposition 2.5.17. The set of nonsingular points of an algebraic variety forms an
open dense subset.

Proof. See [60, II Corollary 81.6]. a
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Exercises

2.5.18. Prove Proposition 2.5.6. (Hint: given f € m, let

l&f
ﬁ_/o aXi(txl,...,txn)dt.

Show that f =3 fix;.)
2.5.19. Prove Lemma 2.5.10.

2.5.20. Let F : (X, %) — (Y,.7) be a morphism of locally ringed k-spaces. If x € X
and y = F(x), check that the homomorphism F* : ., — Z, taking a germ of f to
the germ of f o F is well defined and is local. Conclude that there is an induced
linear map dF : T, — T,, called the differential or derivative.

2.5.21. Let F : R" — R™ be a C~ map taking 0 to 0. Calculate dF : Ty — Ty, con-
structed above, and show that this is given by a matrix of partial derivatives.

2.5.22. Check that with the appropriate identification given a C* function on X
viewed as a C* map from f : X — R, df in the sense of Definition 2.5.9 and in
the sense of the previous exercise coincide.

2.5.23. Check that the operation (X,x) — T, determines a functor on the category
of C*-manifolds and base-point-preserving maps. (The definition of functor can be
found in §3.1.) Interpret this as the chain rule.

2.5.24. Given a Lie group G with identity e, an element g € G acts on G by h —
ghg~!. Let Ad(g) : T, — T, be the differential of this map. Show that Ad defines a
homomorphism from G to GL(T;) called the adjoint representation.

2.5.25. The ring of dual numbers D is defined as k[€]/(£?). Let (R,m,k) be a local
ring satisfying the tangent space conditions. Show that T is isomorphic to the space
of k-algebra homomorphisms Homy_qie (R, D).

2.5.26. Prove the identity det(/ + €A) = 1 + trace(A)e for square matrices over D.
Use this to prove that the tangent space T; to SL, (k) is isomorphic to the space of
trace-zero n X n matrices, where SL — n(k) is the group of matrices with determi-
nant 1.

2.5.27.If f(xo,...,x,) is a homogeneous polynomial of degree d, prove Euler’s
formula Y x; g}f =d- f(xp,...,x,). Use this to show that the point p on the projective
hypersurface defined by f is singular if and only if all the partials of f vanish at p.

Determine the set of singular points defined by x3 + - -+ +x3 — 5x0 -+ - x4 in P¢..

2.5.28. Prove that if X C A’,:’ is a variety, then dim7, < N. Give an example of a
curve in Aiv for which equality is attained, for N =2,3,....

2.5.29. Give a direct proof of Proposition 2.5.17 for hypersurfaces in Aj.

2.5.30. Show that a homogeneous variety is nonsingular.



2.6 1-Forms, Vector Fields, and Bundles 41

2.5.31. Let f(xo,...,x,) = O define a nonsingular hypersurface X C P{.. Show that
there exists a hyperplane H such that X N H is nonsingular. This is a special case of
Bertini’s theorem.

2.6 1-Forms, Vector Fields, and Bundles

A C~ vector field on a manifold X is essentially a choice v, € T, for each x € X, that
varies in a C* fashion. The dual notion, called a covector field, a differential form
of degree 1, or simply a 1-form, is easier to make precise. So we start with this.
Given a C~ function f on X, we can define df as the collection of local derivatives
df¢ € T;. This is the basic example of a 1-form.

Definition 2.6.1. A C* 1-form on X is a finite linear combination Y g;df; with
fi,8i €C(X). Let &' (X) denote the space of these.

Clearly, &'(X) is a module over the ring C*(X). Also, given an open set
U C X, a 1-form can be restricted to U as a |J7, -valued function. In this way,
U — &'(U) becomes a presheaf and in fact a sheaf. If U is a coordinate neighbor-
hood with coordinates x,...,x,, then any 1-form on U can be expanded uniquely
as Y fi(x1,...,x,)dx; with C* coefficients. In other words, &' (U) is a free module
with basis dx;. The module &' (X) is generally not free.

Now we can define vector fields as the dual in the appropriate sense. Let (,)
denote the pairing between 7, and 7.

Definition 2.6.2. A C* vector field on X is a collection of vectors v, € Ty, x € X,
such that the map x — (v,,df;) lies in C*(U) for each open U C X and f € C=(U).
Let 7 (X) denote the set of vector fields.

The definition is rigged to ensure that any D € .7 (X) defines a derivation
C=(U) — C=(U) by f — (D,df). It can be seen that .7 is a sheaf of |JT;-valued
functions. If U is a coordinate neighborhood with coordinates xp,...,x,, then any
vector fields on U are given by Y, fid/dx;.

There is another standard approach to defining vector fields on a manifold X. The
disjoint union of the tangent spaces Ty = |J, 7 can be assembled into a manifold
called the tangent bundle Ty, which comes with a projection 7 : Ty — X such that
T, = = !(x). We define the manifold structure on T in such a way that the vector
fields correspond to C* cross sections. The tangent bundle is an example of a struc-
ture called a vector bundle. In order to give the general definition simultaneously in
several different categories, we will fix a choice of:

(a) a C”-manifold X and the standard C*-manifold structure on k = R,

(b) a C”-manifold X and the standard C*-manifold structure on k = C,

(c) acomplex manifold X and the standard complex manifold structure on k = C,
(d) an algebraic variety X with an identification k = A,i.

A rank-n vector bundle is a map 7w : V — X that is locally a product X x k" — X.
Here is the precise definition.
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Definition 2.6.3. A rank-n vector bundle on X is a morphism 7 : V — X such that
there exist an open cover {U;} of X and commutative diagrams

o~

ﬂ_lUi . > U; x k"
i
such that the isomorphisms

g0, UiNU; x K = UiNU; x k*

are k-linear on each fiber. A bundle is called C* real in case (a), C™ complex in case
(b), holomorphic in case (c), and algebraic in case (d). A rank-1 vector bundle will
also be called a line bundle.

The product X x k" is an example of a vector bundle, called the trivial bundle of
rank n. A simple nontrivial example to keep in mind is the Mobius strip, which is a
real line bundle over the circle. The datum {(U;, ¢;)} is called a local trivialization.
Given a C* real vector bundle 7 : V — X, define the presheaf of sections

Y(U)={s:U—n'U|sisC, mos=idy}.

This is easily seen to be a sheaf. When V = X x R” is the trivial vector bundle, a
section is given by (x, f(x)), where f : X — R", so that ¥ (X) is isomorphic to the
space of vector-valued C* functions on X. In general, a section s € 7' (U) is deter-
mined by the collection of vector-valued functions on U;NU given by projecting
¢; os to R". Thus ¥ (U) has a natural R-vector space structure. Later on, we will
characterize the sheaves, called locally free sheaves, that arise from vector bundles
in this way.

Theorem 2.6.4. Given an n-dimensional manifold X, there exists a C* real vector
bundle Tx of rank n, called the tangent bundle, whose sheaf of sections is exactly

Ix.

Proof. Complete details for the construction of Tx can be found in [110, 111,
117]. We outline a construction when X C R is a submanifold. (According to
Whitney’s embedding theorem [111], every manifold embeds into a Euclidean

space. So in fact, this is no restriction at all.) Fix standard coordinates yi,...,yy
on RY. We define Tx C X x R" such that (p;vy,...,vy) € Ty if and only if
d
zvi af =0
Yilp

whenever f is a C* function defined in a neighborhood of p in RV such that X NU C
f71(0). We have the obvious projection 7 : Ty — X. A sum v =Y ;g;d/dy;, with
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gj € C=(U), defines a vector field on U C X precisely when (p;g1(p),...,en(p)) €
Tx for a p € U. In other words, vector fields are sections of Tx.
It remains to find a local trivialization. We can find an open cover {U;} of X by

coordinate neighborhoods. Choose local coordinates x(ll), . ,x,(,') in each U;. Then
the map
ady;
(pw) = | 2| 7
ox;
p
identifies U; x R" with 7~ 'U;. O

Tangent bundles also exist for complex manifolds and nonsingular algebraic
varieties. However, we will postpone the construction. An example of an algebraic
vector bundle of fundamental importance is given below.

Example 2.6.5. Projective space PP} is the set of lines {/} in k"+1 through 0, and we
can choose each line as a fiber of L. That is,

L={(x,0) k""" xP}|x e}

Let 7w : L — P} be given by projection onto the second factor. Then L is a rank-one
algebraic vector bundle, or line bundle, over P}. It is called the tautological line
bundle. When k = C, this can also be regarded as a holomorphic line bundle or a C*
complex line bundle.

L is often called the universal line bundle for the following reason:

Theorem 2.6.6. If X is a compact C~ manifold with a C* complex line bundle p :
M — X, then for n>> 0, there exists a C™ map f : X — P}, called a classifying map,
such that M is isomorphic (as a bundle) to the pullback

FL={(vx)eLxX|n(v)=f(x)} = X.

Proof. We just sketch the proof. Here we consider the dual line bundle M* (see
Exercise 2.6.14). Sections of this correspond to C-valued functions on M that are
linear on the fibers. Choose a local trivialization ¢; : M|y, = U; x C. A section of
M*(U;) can be identified with a function by M* (U;) = C*(U;) ¢, ' (1). For each point
x € Uj, we can choose a C* function f with compact support in U; such that f(x) #0
(which exists by Exercise 2.6.9). This can be extended by O to a global section. Thus
by compactness, we can find finitely many sections fj, ..., f, € M*(X) that do not
simultaneously vanish at any point x € X. Therefore we get an injective bundle
map M — X x C" given by v — (fo(v),...,fu(v)). Or in more explicit terms, if we
view fj|y, as functions, M|y, can be identified with the span of (fy(x),..., fu(x)) in
U; x cn.
The maps
x—=[fo(x),....fn(x)] €P", xeU;
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are independent of the choice of trivialization. So this gives a map f : X — P". The
pullback f*L can also be described as the sub-line bundle of X x C" spanned by
(fo(x),...,fu(x)). So this coincides with M. O

Remark 2.6.7. When M — X is a holomorphic bundle on a complex manifold, the
map f : X — P{. need not be holomorphic. This will follow from Exercise 2.7.13.

Exercises

2.6.8. Show that v = f;(x) 8‘1_ is a C* vector field on R” in the sense of Definition
2.6.2 if and only if the coefficients f; are C™.

2.6.9. Show that the function

flx) = {eXP (||X||£—1) if [lx[| < 1,

0 otherwise,

defines a nonzero C”-function on R” with support in the unit ball. Conclude that
any C”-manifold possesses nonconstant C*-functions.

2.6.10. Check that L is an algebraic line bundle.

2.6.11. Given a vector bundle 7 : V — X over a manifold anda C” map f:Y — X,
show that the set

fV={0w) eYxVin(v)=f0)}

with its first projection to Y determines a vector bundle.

2.6.12. Given a vector bundle V — X with local trivialization ¢; : V|y, S U x kT,
check that the matrix-valued functions g;; = ¢i’l o ¢; on U;NUj satisfy the cocycle

identity gy = gijgjx on U; NU;NUj. Conversely, check that any collection g;; satis-
fying this identity arises from a vector bundle.

2.6.13. Given a vector bundle V with cocycle g;; (as in the previous exercise), show
that a section can be identified with a collection of vector-valued functions f; on U;

satisfying fi = gijfj.

2.6.14. Suppose we are given a vector bundle V = |JV, — X with cocycle g;;. Show
that the union of dual spaces V* = |JV; can be made into a vector bundle with
cocycle (gi;1 )T. Show that the sections of the dual of the tangent bundle Ty, called
the cotangent bundle, are exactly the 1-forms.

2.6.15. Let G = G(r, n) be the Grassmannian of r-dimensional subspaces of k. This
is an algebraic variety by Exercise 2.4.19. Let § = {(x,V) € kK" x G | x € V}. Show
that the projection S — G is an algebraic vector bundle of rank 2. This is called the
universal bundle of rank r on G.
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2.6.16. Prove the analogue of Theorem 2.6.6 for rank-r vector bundles: Any rank-
two C~ complex vector bundle on a compact C* manifold X is isomorphic to the
pullback of the universal bundle for some C* map X — G(r,n) with n > 0. You
may assume without proof that for any vector bundle 7 : V — X, there exist finitely
many sections f; that span the fibers V, = 7! (x).

2.7 Compact Complex Manifolds and Varieties

Up to this point, we have been treating C* and complex manifolds in parallel. How-
ever, there are big differences, owing to the fact that holomorphic functions are
much more rigid than C* functions. We illustrate this in a couple of ways. In parti-
cular, we will see that the (most obvious) holomorphic analogue to Theorem 2.6.6
would fail. We start by proving some basic facts about holomorphic functions in
many variables.

Theorem 2.7.1. Let A" be an open polydisk, that is, a product of disks, in C".

(1) If two holomorphic functions on A" agree on a nonempty open set, then they
agree on all of A™.

(2) The maximum principle: If the absolute value of a holomorphic function f on
A" attains a maximum in A", then f is constant on A".

Proof. This can be reduced to the corresponding statements in one variable [1].
We leave the first statement as an exercise and we do the second. Suppose that

|f] attains a maximum at (ay,...,a,) € A. The maximum principle in one variable
implies that f(z,az,...,a,) is constant. Fixing z; € A, we see that f(z1,z,a3,...) is
constant, and so on. O

We saw in the exercises that all C*-manifolds carry nonconstant global C*-
functions. By contrast we have the following:

Proposition 2.7.2. If X is a compact connected complex manifold, then all holo-
morphic functions on X are constant.

Proof. Let f : X — C be holomorphic. Since X is compact, |f| attains a maximum
somewhere, say at xg € X. The set S = f~!(f(xg)) is closed by continuity. It is also
open by the maximum principle. So § = X. a

Corollary 2.7.3. A holomorphic function is constant on a nonsingular complex
projective variety.

Proof. P{. with its classical topology is compact, since the unit sphere in C"*! maps
onto it. Therefore any submanifold of it is also compact. O

We want to prove a version of Corollary 2.7.3 for algebraic varieties over arbi-
trary fields. We first need a good substitute for compactness. To motivate it, we make
the following observation:
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Lemma 2.7.4. If X is a compact metric space, then for any metric space Y, the
projection p : X XY — Y is closed.

Proof. Given a closed set Z C X x Y and a sequence y; € p(Z) convergingtoy € Y,
we have to show that y lies in p(Z). By assumption, we have a sequence x; € X such
that (x;,y;) € Z. Since X is compact, we can assume that x; converges to say x € X
after passing to a subsequence. Then we see that (x,y) is the limit of (x;,y;), so it
must lie in Z because it is closed. Therefore y € p(Z). O

Definition 2.7.5. An algebraic variety X is called complete or proper if for any
variety Y, the projection p: X XY — Y is closed, i.e., p takes closed sets to closed
sets.

Theorem 2.7.6. Projective varieties are complete.

Proof. Complete proofs can be found in [60, 92, 104]. We give an outline, leav-
ing the details for the exercises. First, we can reduce the theorem to showing that
m: Py x A — Aj" is closed for each m,n. This case can be handled by classical
elimination theory [22, §8.5]. A closed set of the product is defined by a collection
of polynomials f;(xo,...,Xs,y1,---,Vm) homogeneous in the x’s. Let I be the ideal
in k[xo,...,Xn,¥1,-.-,ym) generated by the f;. The elimination ideal is defined by

J={g€klyi,....ym) | ViZei,x{'g € I}.
Then the image of the projection 7 (V (1)) is V(J), hence closed. O
There is an analogue of Proposition 2.7.2.

Proposition 2.7.7. If X is a complete algebraic variety, then all regular functions
on X are constant.

Proof. Let f be aregular function on X. We can view it as a morphism f: X — A,&.
Since A}( - ]P’,lc, we also have a morphism F : X — ]P’,l{ given by composition. The
image f(X) is closed, since it coincides with the image of the graph {(x, f(x)) |
x € X} under projection. Similarly, F(X) is closed. Since X is irreducible, the same
is true of f(X). The only irreducible closed subsets of A,{ are points and A,i itself.
If £(X) = A}, then we would be forced to conclude that F (X ) was not closed. There-
fore f(X) must be a point. O

The converse is false (Exercise 2.7.15).
Corollary 2.7.8. An affine variety is not complete, unless it is a point.

Proof. If p,q € X are distinct, there exists a regular function such that f(p) = 1 and
flg)=0. O

We can form the sheaf of regular sections of the tautological line bundle L
(Example 2.6.5) on P}, which we denote by Opz(—1) or often simply by &'(—1).
We write Opn (—1), or simply &p«(—1) when there is no danger of confusion, for
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the sheaf of holomorphic sections over the complex manifold Pf.. These examples
are central to algebraic geometry. For any open set U C P} viewed as a set of lines,
we have

O(—1)(U)={f:U — k""" | f regular and f(¢) € ¢}.

We saw in the course of proving Theorem 2.6.6 that any line has many C*-
sections. The corresponding statements in the analytic and algebraic worlds are
false:

Lemma 2.7.9. The spaces of global sections O(—1)(P}) and Opn (—1)(P{) are
both equal to 0.

Proof. We prove the first statement. The second is similar. A global section is given
by a regular function f : P" — k"*! satisfying f(¢) € £. However, f is constant with
value, say, v. Thus v € (¢ = {0}. |

Exercises

2.7.10. Finish the proof of Theorem 2.7.1 (1).

2.7.11. Check that Theorem 2.7.6 can be reduced to showing that 7w : P}, x AJ — A}
is closed.

2.7.12. In the notation of the proof of Theorem 2.7.6, show that the elimination
ideal J is an ideal and that V(J) = m(V(I)). For the “hard” direction use the projec-
tive Nullstellensatz that V(K) C P} is empty if and only if K contains a power of
(X045« yXn)-

2.7.13. 1f f: X — IP{. is a nonconstant holomorphic function between compact mani-
folds, prove that f*pn(—1) has no nonzero holomorphic sections.

2.7.14.Let O(1) denote the sheaf of holomorphic sections of the dual L*
(Exercise 2.6.14) of the tautological bundle on IP{.. Show that &'(1) has at least n+-1
independent nonzero sections. Using the previous exercise, deduce that
Theorem 2.6.6 will fail for holomorphic maps and line bundles.

2.7.15. Let X = P} — {p} with n > 1. Show that X has no nonconstant regular
functions, and that it is not complete.

2.7.16. Given a variety X, the collection of constructible subsets of X is the Boolean
algebra generated by Zariski open sets. In other words, it is the smallest collection
containing open sets and closed under finite unions, intersections, and complements.
Prove Chevalley’s theorem that a projection p : A} — A" takes constructible sets to
constructible sets.



Chapter 3
More Sheaf Theory

We introduced sheaves of functions in the previous chapter as a convenient language
for defining manifolds and varieties. However, as we will see, there is much more
to this story. In this chapter, we develop sheaf theory in a more systematic fashion.
Presheaves and sheaves are somewhat more general notions than what we described
earlier. We give the full definitions here, and then explore their formal proper-
ties. We define the notion of an exact sequence in the category of sheaves. Exact
sequences and the associated cohomology sequences, given in the next chapter, form
one of the basic tools used throughout the rest of the book. We also give a brief intro-
duction to Grothendieck’s theory of schemes. A scheme is a massive generalization
of an algebraic variety, and quite a bit of sheaf theory is required just to give the
definition.

3.1 The Category of Sheaves

It will be convenient to define presheaves of things other than functions. For
instance, one might consider sheaves of equivalence classes of functions, distribu-
tions, and so on. For this more general notion of presheaf, the restriction maps have
to be included as part of the data:

Definition 3.1.1. A presheaf &7 of sets (respectively groups or rings) on a topologi-
cal space X consists of a set (respectively group or ring) & (U) for each open set U,
and maps (respectively homomorphisms) pyy : £ (U) — & (V) for each inclusion
V C U such that:

L. pvv =d o v);
2. Pvw © Puv = Puw ifWCVCU.

We will usually write f|y = pyy (f). Here is a simple example of a presheaf
given abstractly.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 49
DOI 10.1007/978-1-4614-1809-2_3, © Springer Science+Business Media, LLC 2012
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Example 3.1.2. Let X be topological space. Then

7 itU =X,
0 otherwise,

PU) :{

with all pyy = 0, is a presheaf.

A more natural class of examples, which arises frequently, is given by the
quotient construction.

Example 3.1.3. Let & be a presheaf of abelian groups. Then a subpresheaf &' C &2
is a collection of subgroups &' (U) C Z2(U) stable under the restriction maps pyy .
The presheaf quotient is given by

(2/2)'U)=2U)/2U)

with the induced restrictions. (This somewhat clumsy notation is used to distinguish
this from the quotient sheaf to be defined later on.)

The definition of a sheaf carries over verbatim.

Definition 3.1.4. A sheaf & is a presheaf such that for any open cover {U;} of U
and f; € 2 (U;) satisfying filu,nu; = filv,nu;» there exists a unique f € &(U) with
flu, = fi.- We also require that &2 (0) consist of a single element (which is necessarily
0 for sheaves of abelian groups).

In English, this says that a collection of local sections can be patched together
uniquely provided they agree on the intersections. We have already seen plenty
of examples of presheaves that are not sheaves. With this more general defini-
tion comes more pathologies. When X has a nontrivial open cover {U; # X},
Example 3.1.2 is not a sheaf, because the local sections 0 € &?(U;) can be patched
in many ways. More examples of nonsheaves arise as presheaf quotients (see the
exercises).

Definition 3.1.5. Given presheaves of sets (respectively groups) &, &’ on the same
topological space X, a morphism f : 22 — £’ is a collection of maps (respectively
homomorphisms) fy : Z(U) — £?'(U) that commute with the restrictions. Given
morphisms f: & — ' and g: P’ — 2", the compositions gy o fy determine a
morphism & — 27" The collection of presheaves of abelian groups and morphisms
with this notion of composition constitutes a category PAb(X).

Definition 3.1.6. The category Ab(X) is the full subcategory of PAb(X) generated
by sheaves of abelian groups on X. In other words, objects of Ab(X) are sheaves,
and morphisms are defined in the same way as for presheaves.

A special case of a morphism is the notion of a subpresheaf of a presheaf 22’ C
Z defined above. We call this a subsheaf if both objects are sheaves.
Example 3.1.7. Given a sheaf of rings of functions % over X, and f € Z(X), the
collection of maps Z(U) — Z(U) given by multiplication by f|y is a morphism.
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Example 3.1.8. Let X be a C* manifold. Then the differential d : Cy — &4 given in
Section 2.6 is a morphism of sheaves.

Example 3.1.9. Let Y be a closed subset of a k-space (X, O). Then the ideal sheaf
associated to Y,

Hy(U)={f € Ox(U)|flyrv =0},

is a subsheaf of 0.

Example 3.1.10. Let (X, Ox) be a C* or complex manifold or algebraic variety and
Y C X a submanifold or subvariety. There is a morphism from the presheaf quotient
(Ox | Sy)F — Oy induced by f +— fly.

We now introduce the notion of a covariant functor (or simply functor) F : €| —
6, between categories. This consists of a map F : Objé] — Obj%, and maps

F :Homy, (A,B) — Homy, (F(A),F (B))
for each pair A, B € Obj% such that

(F1) F(fog)=F(f)oF(g);
(F2) F(idy) = idp(a)-

In most cases, we will be content to just describe the map on objects, and leave the
map on morphisms implicit. There are many examples of functors in mathematics:
the map that takes a ring to its group of units, the map that takes a group to its
group ring, the map that takes a topological space with a distinguished point to its
fundamental group, etc.

Contravariant functors are defined similarly but with

F :Homy, (A,B) — Homy, (F(B),F(A))

and the rule (F1) for composition adjusted accordingly. For example, the dual V —
V* gives a contravariant functor from the category of vector spaces to itself.

Presheaves are themselves functors (Exercise 3.1.14). We describe a couple of
additional examples involving presheaves.

Example 3.1.11. Let Ab denote the category of abelian groups. Given a space X, the
global section functor I' : PAb(X) — Ab is defined by I' (&) =TI'(X, &) = Z(X)
for objects, I'(f) = fx for morphisms f : & — 2.

Fix a space X and a point x € X. We define the stalk &7, of & at x as the direct
limit lim Z(U) over neighborhoods of x. The elements can be represented by germs
of sections of £, as in Section 2.5. Given a morphism ¢ : & — Z?', we get an
induced map &, — £, taking the germ of f to the germ of ¢ (f).

Example 3.1.12. The map & — 2, gives a functor from PAb(X) — Ab.

We have a functor generalizing the construction given in Example 2.1.10 that is
of fundamental importance.
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Theorem 3.1.13. There is a functor & — P+ from PAb(X) to Ab(X) called the
sheafification or the associated sheaf, with the following properties:

(a) There is a canonical morphism & — P+,

(b) The map & — P induces an isomorphism on stalks.

(c) If P is a sheaf, then the morphism & — P is an isomorphism (see the exer-
cises for the precise meaning).

(d) Any morphism from & to a sheaf factors uniquely through & — P+,

Proof. We sketch the construction of Z2*. We do this in two steps. First, we con-
struct a presheaf of functions &%, Set Y = [[,cx Z.. We define a sheaf &%
of Y-valued functions and a morphism & — 2% as follows. There is a map
o, : 2(U) — P, given by

the germ f, ifxe U,
O, frng
<(f) { 0 otherwise.

Then f € 2 (U) determines a function f* : U — Y given by f#(x) = 6, (f). Let

2HU)={f"|fe 2U)}.

This yields a presheaf. We have a morphism & (U) — 22#(U) given by f > f*.
Now apply the construction given earlier in Example 2.1.10 to produce a sheaf
P+ = (%)%, The composition Z2(U) — 2*(U) c 22 (U) yields the desired
morphism & — 2. This construction is clearly functorial. Parts (b) and (c) are
given in the exercises. For (d), suppose we are given a morphism from a presheaf to
a sheaf & — .. Then we have a morphism 2+ — T~ 7. O

Sheafification is a very useful operation. Many constructions incorporate it as a
finishing step. For example, given a sheaf .% and a subsheaf .’ C ., we define the
quotient sheaf by . ). = ((./")F)*. Note that (. /.")? by itself need not
be a sheaf (see the exercises).

In the exercises, we give an alternative construction of 4?7, This is based on the
so called étalé space (not to be confused with étale map), which was popular in older
treatments of sheaf theory such as [45].

Exercises

3.1.14. Let X be a topological space. Fix a symbol . Construct a category Open(X),
whose objects are open subsets of X, and let

« ifUCYV,

HomOpen(X)(va) - {0 otherwise.
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Show that a presheaf of sets (or groups. ..) on Open(X) is the same thing as a contra-
variant functor to the category of sets (or groups...).

3.1.15. Given a presheaf .# € PAb(X) and f € #(X), prove that the support
supp(f) = {x € X | fx # 0} is closed. Give an example where the support of .Z#,
supp(-#) = {x € X | % # 0}, is not closed.

3.1.16. Given a presheaf &, show that the morphisms &2 — 2% and 2% — 2+
given in the proof of Theorem 3.1.13 are isomorphisms on stalks.

3.1.17. A morphism f : & — 2 in the category of presheaves or sheaves is called
an isomorphism if there exists a morphism f~! : 2 — 22 such that fo f~! and
f 1o f are both the identity. Show that f is an isomorphism if and only if each fy is
a bijection. If &2, 2 are sheaves, show that f is an isomorphism if and only if each
fe 1 Py — 2, is a bijection. This implies Theorem 3.1.13 (c).

3.1.18. A presheaf is called separated if for any fi € &(U;) satistying fi|v,nv; =
filunu;, there exists at most one f € #(U) with f|y, = f;. Example 3.1.2 is not
separated. Show that 2 is separated if and only if & = P*,

3.1.19. Let B be a basis for the topology of X. Fix a presheaf .# on B, by which we
mean a contravariant functor on B to sets. Suppose that .%# satisfies the following
version of the sheaf axiom: for any open covering {U;} C Bof U € B, if f; € F(U;)
are compatible in the sense that f;|y = f ilv forallU;NU ;i 2V € B, then there exists
aunique f € .%# (U) with f; = f|y,. Prove that there is at most one extension of .#
to a sheaf on X.

3.1.20. Continuing the notion from the previous exercise, prove that the rule
F¢(U) = {families fy € .#(V),U DV € B, such that fiy = fy|w when W C V}

determines the (unique) sheaf on X extending .%. Show that this construction is
functorial in the obvious sense.

3.1.21. Given a submanifold or subvariety ¥ C X, show that Oy is isomorphic to
the quotient sheaf O /.%y. Give an example to show that (O /Ix) is not a sheaf in
general.

3.1.22. The étalé space of a presheaf &2 is the disjoint union of stalks Et(Z?) =
U Z,. This carries a projection to 7 : Et(£?) — X by sending £, to x. A section
f € P(U) defines a cross section Et(f) = (fy) to w over U. We give E(Z?) the
weakest topology that makes all the Et(f)’s continuous. Prove that the sheaf of
continuous cross sections of 7 is isomorphic to 2.

3.2 Exact Sequences

The categories PAb(X) and Ab(X) are additive, which means among other things
that Hom(A,B) has an abelian group structure such that composition is bilinear.
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Actually, more is true. These categories are abelian [44, 82, 118], which implies
that they possess many of the basic constructions and properties of the category
of abelian groups. In particular, given a morphism, we can form kernels, cokernels,
and images, characterized by the appropriate universal properties. This is spelled out
more fully in the exercises. Here we just define these operations. Given a morphism
of presheaves [ : &/ — %, we define the presheaf kernel, image, and cokernel by

(pker f)(U) = ker fu = [/ (U) — B(U)],
(pimf)(U) =imfy : [/ (U) — 2(U)],
(peoker f)(U) = coker fy : [/ (U) — B(U)).

This is an isomorphism if fy is an isomorphism for every U, or equivalently if
pker f = pcoker f = 0.
For a morphism of sheaves f : &/ — 2, the sheaf kernel, etc. is given by

ker f = (pkerf)", imf = (pimf)", cokerf = (pcokerf)".
We may get a better sense of these by looking at the stalks:

(ker f)x = (pker f)x = ker fy : [ox — B,
(imf)y = (pim f)x = im fx : [ — B,
(coker f) = (pcoker ), = coker f; : [@ — P

We say that f is an isomorphism of sheaves if it is an isomorphism of presheaves.
It is more natural to require that ker f = coker f = 0, but we will see later that this
is equivalent (Lemma 3.2.6).

We can now introduce the notion of exactness in Ab(X) by copying the usual
definition. But first a few words of warning. The notion of exactness is sensitive
to the category in which we work. Below we give the notion of exactness in the
category Ab(X), since this is the most important case. Exactness in PAb(X), even
when the objects are sheaves, is different. This will be clarified in the exercises.

A sequence

PN RN
of sheaves on X is called a complex if go f = 0. There is a morphism pim(f) —
pker(g) given by the canonical morphism im(f)y — ker(g)y. This induces a
morphism im(f) — ker(g).
Definition 3.2.1. A sequence

oLate
of sheaves on X is called exact if it is a complex and the canonical morphism
im(f) — ker(g) is an isomorphism of sheaves.

As special cases, we have natural analogues of injective and surjective maps.
Although, it is better to use neutral terminology, we say that a morphism f : o/ — %
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of sheaves is a monomorphism (respectively epimorphism) if ker f = 0 (respectively

imf = %).
Lemma 3.2.2. Given a sequence
PN RN

of sheaves on X, the following are equivalent:

(1) The sequence is exact.
(2) For every U:

(a) guo fu =0.
(b) Given b € B(U) with g(b) = 0, there exist an open cover {U;} of U and
a; € o/ (U;) such that fy,(a;) = by,

(3) The sequence of stalks
oD B,

is exact for every x € X.

Proof. The equivalence of (1) and (2) is clear after unraveling the definition of
exactness. Condition (a) is equivalent to go f = 0 and (b) to im(f) = ker(g).

We will prove that (3) implies (2), leaving the remaining direction as an exercise.
Suppose that &7 — Z — € is exact. To simply notation, we suppress the subscript
U. Given a € &/ (U), we have g(f(a)) =0, since g(f(a))x = g(f(ax)) = 0 for all
x € U. This proves (a).

Given b € #(U) with g(b) = 0, then for each x € U, b, is the image of a germ
in «%. Choose a representative a; for this germ in some </ (U;), where U; is a
neighborhood of x. After shrinking U; if necessary, we have f(a;) = b|y,. As x
varies, we get an open cover {U;} and sections a; € </ (U;), as required. O

Corollary 3.2.3. If &/ (U) — B(U) — € (U) is exact for every open set U, then
A — B — € is exact.

Exactness can be extended to longer sequences by requiring that the conditions
of Definition 3.2.1 hold for any two adjacent arrows.

Corollary 3.2.4. A sequence of sheaves on X
il B C —s -

is exact if and only if
..._)%_)L%x_)%(_)...

is exact for every x € X. In particular, f : o — A is a monomorphism (respectively
epimorphism) if and only if <f, — 9B, is injective (respectively surjective) for all
xeX.
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The key point of this result is that no matter how complicated X and <7, %, ...
appear in the large, exactness is a local issue, and this is what gives the notion its
power. We will let the symbols 7, %,% stand for sheaves for the remainder of this
section unless stated otherwise.

The converse to Corollary 3.2.3 is false, but we do have the following:

Lemma 3.2.5. [f
0o -B—€—0

is an exact sequence of sheaves, then
0— o (U)—BU)— %)
is exact for every open set U.

Proof. Let f: o/ — P and g : # — € denote the maps. By Lemma 3.2.2,
guo fu =0. Suppose a € o/ (U) maps to 0 under f. Then f(ay;) = f(a)y =0 for
each x € U (we are suppressing the subscript U once again). Therefore a, = 0 for
each x € U, and this implies that a = 0.

Suppose b € B(U) satisfies g(b) = 0. Then by Lemma 3.2.2, there exist an
open cover {U;} of U and a; € </ (U;) such that f(a;) = b|y,. Then f(ailv,nu; —
aj |UmUj) =0, which implies ai|Ul.mUj —aj |UmUj = 0 by the first paragraph. Therefore
{ai} patch together to yield an element of a € <7 (U) such that f(a) = b. O

Lemma 3.2.6. Given a morphism f : o/ — B of sheaves, the following statements
are equivalent:

(a) f is an isomorphism of sheaves, i.e., fy : &/ (U) = B(U) for each U.
(b) ker f = coker f = 0.
(c) f induces an isomorphism of abelian groups <f, — B, for each x € X.

Proof. (a) implies that pker f = pcoker f = 0, and therefore ker f = coker f = 0.
Suppose that (b) holds. Then

ker fy = (ker f), =0

and
coker f, = (coker f), = 0.

Therefore f : <% = H,. Finally, (c) implies &/ (U) = #(U) by Lemma 3.2.5. O

We give some natural examples to show that (X) — € (X) is not usually
surjective when & — € is an epimorphism.

Example 3.2.7. Consider the circle S' = R/Z. Then
0—Rg —Cg Léasll —0

is exact. However, C*(S') — &1(S!) is not surjective.
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To see the first statement, let U C S' be an open set diffeomorphic to an open
interval. Then the sequence

0-R—CU) =L c*(U)dx — 0

is exact by calculus. Thus we get exactness on stalks. The 1-form dx gives a global
section of &! (S 1), since it is translation-invariant. However, it is not the differential
of a periodic function. Therefore C*(S') — &!(S!) is not surjective.

Example 3.2.8. Let (X, Ox) be a C* or complex manifold or algebraic variety and
let Y C X be a submanifold or subvariety, with i : ¥ — X denoting inclusion. Define
the sheaf i, 0y on X by i,.0y(U) = Oy(UNY). Then

0— Sy — Ox — i,0y —0

is exact, but the map Ox(X) — Oy(Y) need not be surjective. For example, let
X =Pk with Ox the sheaf of holomorphic functions. Let ¥ = {py,p2} C P! be
a set of distinct points. Then the function f € Oy (X) that takes the value 1 on p
and 0 on p, cannot be extended to a global holomorphic function on P!, since all
such functions are constant by Liouville’s theorem.

Exercises

3.2.9. Finish the proof of Lemma 3.2.2.

3.2.10. Let f be a morphism of sheaves. Check that the sheafification step is
unnecessary for ker f, i.e., that pker f is a sheaf. Is this true for coker f and im f?

3.2.11. Let f: &/ — 2 be a morphism of sheaves. Show that if g: 4 — & is a
morphism such that f o g = 0, then it factors uniquely through ker f. Dually show
that if g : Z8 — ¥ is a morphism such that g o f = 0, then it factors uniquely through
coker f. Show that im f is isomorphic to coker[ker f — 7] and to ker[%Z — coker f].

3.2.12. Define a sequence of presheaves .o/ I, % % € to be exact in PAb(X) if
gof =0 and pim(f) = pker(g). Show that this is equivalent to the exactness of
A (U) — BU)— € (U) for every U. Show that if a sequence of sheaves is exact
in PAb(X), then it is exact in the sense of Definition 3.2.1, but that the converse can
fail.

3.2.13. Let I.(.%) C % (X) consist of sections f whose support supp(f) is compact.
Prove that a short exact sequence &7 — 9 — € of sheaves gives an exact sequence
0— [(/) — [L(B) — I.(%).

3.2.04.Let i : Y — X be as in Example 3.2.8. Show that the stalk (i.Oy)y is
equal to Oy, if x € Y, and (i.0y), = 0 if x ¢ Y. Verify that the sequence in the
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example is exact. Show that the restriction to ¥ given by i, Oy |y (UNY) =i, Oy (U)
is well defined and coincides with Oy .

3.2.15. Let U C C be open. Show that there is an exact sequence of sheaves
0—Zy— Oy — Of — 1,

where Oy (respectively 0y;) is the sheaf of (nowhere zero) holomorphic functions,
and the second map sends f to exp(27if). Give an example where the last map on
global sections is not surjective.

3.2.16. Let U C R? be open. Characterize im(V), where V : Cj; — (Cy7)? is the
gradient V(f) = (gj: , g{: ). Show that the map on global sections I'(U,Cy;) —
I'(U,im V) need not be surjective.

3.3 Affine Schemes

A scheme is a massive generalization of the notion of an algebraic variety. The
canonical reference is Grothendieck and Dieudonné’s “Eléments de géométrie
algébrique” or EGA [55]. In spite of the title, it is certainly not casual reading.
Hartshorne’s book [60] has become the standard introduction to these ideas for most
people. Somewhat less austere (and less comprehensive) treatments can be found in
[34, 92, 104]. We will give a brief introduction to scheme theory in order to gain
a deeper understanding of algebraic varieties. Since we do not want to give a full-
blown treatment of the subject, we will use a much more limited notion of scheme
in this book. To be clear, schemes in our sense are equivalent to Grothendieck’s
schemes that are locally of finite type over an algebraically closed field k.

Perhaps a few words of motivation are in order. In classical algebraic geometry,
we want to consider the line y = 0 as somehow different from the degenerate conic
y? = 0, even though they are the same as sets; the latter is the limiting case of an
honest conic. We can do this by keeping track of multiplicities. However, in many
situations it is useful to keep track of finer information. It will be instructive to look
at another example. Imagine a collection of n distinct points p; (¢),...,p,(t) € X =
A;f converging to acommon value g as t — 0. Then as a first approximation, the limit
of the set can be considered as nq. But we can get a finer portrait by considering the
limit of the defining ideal of the set {p;(t)}, and then forming the corresponding
geometric object, which would be subscheme of X. To make the comparison of
these two approaches clearer, let us form a new affine variety

S'X =X x XX /S, (3.3.1)
n times

called the nth symmetric product. (The precise construction will be given in the
exercises.) The points of this variety can be thought of as formal sums, called cycles,
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myp1+---+myp, with p; € X, m; >0, and m; + ---+m, = n. When d = 1, these
cycles are in bijection with the set of ideals I C k[x] with vector space codimension n.
The correspondence is given by associating I = (T](x — p;)"™) with the cycle above.
For any d, let Hilb"X denote the set of ideals I C k[x1,...,x4] with codim/ = n. The
ideals I define sets of points Z(I) = {pj,...,pr}, and more. We have multplicities
m; = dim 0, /10,,, where 0), are the localizations of k[xj,...,x,] at the maximal
ideals at the p;. Thus we can map Hilb"X — S"X by sending / to the set of points
Z(I) ={p1,...,pr} with multplicities m;. As we saw, this map is a bijection when
d = 1, but in general Hilb"X has a much richer structure; its points correspond to
subschemes of A;f supported at the points Z(I). What is remarkable is that Hilb"X
itself carries the structure of a scheme. This nonclassical object is very important in
algebraic geometry; we will encounter it again much later on.

We start with an ad hoc construction. In Examples 3.1.9 and 3.2.8 and Exer-
cise 3.2.14, we saw how to define the ideal sheaf .#y of a subvariety ¥ C A?, and
use it to recover Oy as the restriction of (&4n /.%y)|y. The space of global sections
Sy (A}) is the radical ideal defining Y. We can refine this picture by starting with an
arbitrary ideal I C k[xj,...,x,]. Define a sheaf

IU)=104(U)= {g | g € k[xi,...,x,] is nowhere 0 on U,fe]}

on A7. This is an ideal sheaf in the sense that /(U) C O (U) is an ideal for each
U. The quotient &y /1 is an abstract sheaf of rings on A} supported on Z(I), so we
identify this with its restriction to Z(I). The pair (Z(I), Oxn /T), which is an example
of an abstract ringed space, is the subscheme of A} defined by .

Although it is not obvious from the way we obtained it, the isomorphism class
of the pair (Z(I), O /T) depends only on the affine algebra, by which we mean a
finitely generated algebra, k[xy,...,x,]/I. This is called the affine scheme associated
with this algebra. Since this is quite an important point, we give an alternative con-
struction starting from the algebra. We use the case of varieties as a guide. As we
saw in Section 2.3, the underlying topological space associated with an affine variety
X can be identified with Spec,, R, where R = €/(X) is the coordinate ring. It remains
to describe the sheaf. We have some flexibility in doing this, since we will no longer
insist that it be a sheaf of k-valued functions. We will realize it as a subsheaf of the
constant sheaf associated with the function field k(X).

Lemma 3.3.1. Suppose that X is an affine variety, which we identify with
Specy, O(X). Then Ox (U) is simply the intersection of the localizations

() OX)m={fckX)|VmeU,f¢m}.

melU

Proof. Since regular functions are rational, we have an embedding O (U) C k(X).
A rational function F € k(X) lies in Ox(U) exactly when for every x € X, we can
express F' = f/g such that f, g € &(X) and g(x) # 0. This is equivalent to requiring
that F € €(X),, for each x. O
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The above description of the structure sheaf does not generalize well to rings
that are not integral domains. So we need an alternative construction. First note that
localizations R[1/f] = f~'R can be defined for any ring by formally inverting f [8].
The elements of this ring are equivalence classes of fractions r/ f", with r € R,n € N,
where r/f" ~ rf™/f"t™. The canonical map R — R[1/f] given by r +— r/1 need
no longer be injective; its kernel is the set of elements annihilated by powers of
f- More generally, one can form localizations with respect to any set of elements
closed under multiplication [8]. In particular, if p C R is a prime ideal, we define
R,=(R-p)~'R.

Proposition 3.3.2. Let R be an affine k-algebra. There exists a sheaf of rings Ox on
X = Spec,, R such that

(a) Ox(D(f)) =R {” and the restrictions Ox (D(f)) — Ox(D(gf)) can be identi-

fied with the natural maps R [}} —R |:g1f:| :

(b) If R is the coordinate ring of an affine algebraic variety X, then Ox(U) is
isomorphic to the ring of regular functions on U.
(c) The stalk O , at p € X is isomorphic to the localization R.

Proof. Therule Ox(D(f)) = R[1/f] given in (a) determines a presheaf on the basis
{D(f)} in the sense of Exercise 3.1.19. We want to show that it is a sheaf. Suppose
that {D(f;)}icr covers D(f), and that g; € R[1/fi] is a collection of elements such
that the images of g; and g; in R[1/fif;] coincide. Our goal is to find a unique
element of R[1/f] whose images are the g;. To simplify notation, we assume that
f = 1. Also there is no loss in assuming that the index set / = {1,...,n} is finite,
because X is quasicompact. Then we can write g; = h;/fV for some fixed N. Thus

we have
Ny _ Ny .

By assumption, Z(f,..., fV) = X —UD(f;) = 0. Therefore by the Nullstellensatz,
(fN,...,fY) is the unit ideal, or equivalently

1= pif? (33.2)

for some p; € R. Set g =Y p;h; € R. Then by (3.3.2),

£'g =207 pihi =X 1 pihj = hj = £]'g;.
1 1

Therefore g maps to the g; for each j. To see that g is unique, suppose that g’ € R is
another such element. Then g — g’ is annihilated by the powers fiN (after increasing
N if necessary). Therefore g — g’ = 0 by (3.3.2).

By the previous paragraph and Exercise 3.1.20, Ox(D(f)) = R[1/f] extends
uniquely to a sheaf on X. This proves (a). When X is an affine variety, the sheaf
of regular functions satisfies the conditions of (a). Therefore by uniqueness, it must
coincide with the extension just given.
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For the last statement, note that when f ¢ p, there are natural maps R[1/f] — R,
that induce a homomorphism

fép

which is easily checked to be an isomorphism. O

Definition 3.3.3. Let R be an affine k-algebra. The k-ringed space (Spec,R,
Ospec,, ) 18 the affine scheme associated to R.

Examples include affine varieties. A nonclassical example is the “fat point”
Spec, k[€]/(€2). As a topological space, it is not particularly interesting, since it
consists of one point. However, as a scheme, it is very interesting. As we shall see,
morphisms from it to other schemes are the same thing as tangent vectors.

Exercises

3.3.4. For a general commutative ring R, Spec,, R is not well behaved. For instance,
it is not functorial in general. It is better to consider the set of all prime ideals SpecR.
Show that the sets of the form V(I) = {p € SpecR | I C p}, where I C R is an ideal,
form the closed sets of a topology, again called the Zariski topology.

3.3.5. Show that the inclusion Spec,, R C SpecR is continuous, and that a prime
ideal p is maximal if and only if {p} is closed in SpecR.

3.3.6. Define a sheaf Ospecr such that Ospecr((D(f)) = R[1/f], where D(f) =
SpecR—V(f). The pair (SpecR, Ospecr) is Grothendieck’s affine scheme associated
to R.

33.7.LetX = Af = Specy, k[x1,...,x4], and let R = k[x;;] with 1 <i<d 1< j<n.
The symmetric group S, acts by o(x;;) = Xi o(j)- The nth symmetric product $"X is
the affine scheme Specmk[xik,‘]sn associated with the ring of invariant polynomials.
Show that the points of $”X are exactly as described in (3.3.1).

3.3.8. Show that S"A! = A” and that S"A? is singular when d > 1.

3.3.9. Let (,) denote the standard inner product on R?. A strongly convex rational
cone in R? is a subset of the form

o= {1‘1V1 +1Hvy | L eR ;> 0}

with nonproportional vectors v; € Z? called generators. For each such cone o, define
Ro to be the subspace of k[x,x~!,y,y~!] spanned by x"y" for all (m,n) € ¢ NZ>.
Show that this an affine domain. The variety Spec,, S¢ is called a two-dimensional
affine roric variety. Show that A%, A' x k* and k* x k* are of this form. We will
continue this in the next set of exercises. A general reference for toric varieties
is [41].
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3.4 Schemes and Gluing

Once again, we fix an algebraically closed field k. Our goal is to define more general
schemes and methods for constructing them, with an eye toward gaining a better
understanding of algebraic varieties. Just as the building blocks of general varieties
are affine varieties, schemes are built from affine schemes.

Definition 3.4.1. Let # be a sheaf of (commutative) k-algebras over a space X. The
pair (X,Z) is called a k-ringed (or usually just ringed) space. It is called locally
ringed if in addition all the stalks are local rings.

For example, any concrete locally ringed k-space (§2.5) or an affine scheme is
a locally ringed k-space. We will formulate the notion of morphisms between such
spaces later on. For the moment, we will be content to explain isomorphisms in a
somewhat ad hoc manner.

Definition 3.4.2. An isomorphism of ringed spaces f : (X, %) — (Y,.) is ahomeo-
morphism f : X — Y together with a collection of algebra isomorphisms f’ :
Z(U) — Z(f(U)) compatible with restriction.

Definition 3.4.3. A k-scheme (in our sense) is a k-ringed space that is locally
isomorphic to an affine scheme (Spec,, R, Ospec,, g). (Note that it is necessarily
locally ringed.)

Example 3.4.4. Prevarieties are schemes.
Example 3.4.5. Any affine scheme is a scheme.

By definition schemes, and hence varieties, can be specified by gluing a collec-
tion of affine schemes together. This is similar to giving a manifold by specifying
an atlas for it. Let us describe the process explicitly for a pair of affine schemes. Let
X = Spec,, Ry and X, = Spec,, R, and suppose we have an isomorphism

1 1
o) =0e ]

for some r; € R;. Then we have a corresponding diagram of schemes

]
=~

X, D D(r) 2 D(r) CX.

We can define the set X = X; Ugp X3 as the disjoint union modulo the equivalence
relation x ~ @(x) for x € D(ry). We can equip X with the quotient topology, and
then define

Ox(U) = {(s1,5) € GUNUY) x OUNU,) | §(s1) = 52}

Then X becomes a scheme with {X;} as an open cover.



3.4 Schemes and Gluing 63

Example 3.4.6. Setting
R =k[x], ri=x,Ra=k[y], m=y, ¢(x) =y,
or more suggestively
Ry =k[x], Ry=k[x7'],
yields X = P}.
Example 3.4.7. Take two copies of the plane

X = Specy k[x,t],
X> = Spec,, k[xt,t '],

glued along Spec,, k[x,t,+~!] via the obvious identification. We obtain the blowup
of A? at (0,0), which was described more geometrically in Exercise 2.4.22.

More than two schemes can be handled in a similar way, although the datum is a
bit more cumbersome. It consists of rings R; and isomorphisms

1 1
¢ji:Ri|: ]%R,[ ] (3.4.1)

rij rj,'

These are subject to a compatibility, or cocycle, condition that the isomorphisms

1 1
R; =~ Ry
TijTik TkiTkj

induced by ¢y and ¢;;¢;; coincide, and ¢; = id, ¢;; = (1)1»;1. Then the spectra
Spec,, R; can then be glued as above. This is described in the exercises. For an
abstractly given scheme X to arise from such a construction it suffices to have a
finite affine open cover {U;} such that U; N U; is also affine. For this, it would be
sufficient to assume that X is quasicompact and separated. The last condition means
that the diagonal in X x X is closed. In particular, this applies to varieties, which is
the case we are really interested in.

Example 3.4.8. Let
Ri - k[x()iv cee ;xAiiv “ee ,)Cm']

with gluing isomorphisms determined by
9ji(¥ai) = x;;' xaj.

Then the glued scheme is precisely IP}. This becomes much clearer if we identify
Xai = Xq/x; for homogeneous coordinates x;. Then {Spec,, R;} is the standard cover-
ing by the affine spaces defined by x; # 0.

The double cover of A} branched along f(xi,...,x,) = 0 is simply given by
y? — f(x1,...,%,) =0 in AZ“. The projective version is a bit more complicated.
It can be described conveniently by a gluing construction.



64 3 More Sheaf Theory

Example 3.4.9. Let f(xo,...,X;) € klxo,...,x,] be a homogeneous polynomial of
degree 2d. In outline, the double cover of P branched along f = 0 is given by

2
o X0 Xn Y y N X0 Xn
Ri_k[xi""’xi’xfi}/<(x?> f<xi,...,xi>>

with the obvious gluing.

The gluing method can be used to construct normalizations mentioned in
Theorem 1.5.1.

Proposition 3.4.10. If X is a variety, then there exist a variety X and a continuous
map 7 : X — X such that for any affine open U C X, ﬁx(ﬂ'_lU) is the integral
closure of X.

Remark 3.4.11. 1 is in fact a morphism, although we defer this to the exercises at
the end of §3.7.

Proof. As pointed out above, X can be obtained by a gluing construction applied
to a finite number of affine domains R;. Let R; be their integral closures. These are
again affine by [33, Corollary 13.13]. The gluing isomorphisms

¢"'R' 1 ~pR. 1
Ju - M rij - rii

I T N
R ~ R
P+ Ri L’j} / Lﬁ}

satisfying the compatability conditions. Thus X can be constructed by gluing
SpecR;. The maps Spec,, R — Spec,, R; glue to yield 7. O

extend to isomorphisms

Further important examples of gluing are discussed in the exercises.

Exercises

3.4.12. Suppose we are given gluing data {R;, ¢;;} as described in (3.4.1). Let ~ be
the equivalence relation on the disjoint union (JSpec,, R; generated by x ~ ¢/ ().
Show that X = |JSpec,, R;/ ~ can be made into a scheme with Spec,, R; as an open

affine cover.

3.4.13. An r-fold cyclic cover of affine space is described by the equation y" =
f(xla"'vxn)'

3.4.14. An n-jet on a scheme X is a morphism from Speck|e] /(") to X. Give an
interpretation of these similar to Lemma 3.7.8.
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Fill in the details for Example 3.4.9, and generalize this to describe cyclic covers
of 7.

3.4.15. We refer to Exercise 3.3.9 for notation and terminology. Let
o={nvi+nv, | eRy; >0}

be a strongly convex rational cone. Show that the dual cone
6/ ={v|{v,w)>0,Ywe o}

is also strongly rational convex. Let T denote either the degenerate cone spanned by
v; or {0}. Show that R;v is a localization of R,v at a single element rs. Given a
second strongly convex rational cone ¢’ with 6 N6’ = 7, show that Ryv|[1/rs7] and
R [1/rg;] can be identified. Therefore their spectra can be glued to yield the toric
variety associated with the fan {0, 0’}.

3.4.16. Show that the blowup of A% at 0 can be constructed from the fan

where o] and 0, are generated by {(0,1),(1,1)} and {(1,0),(1,1)} respectively.

3.4.17. A fan A in R? is a finite collection of nonoverlapping rational strongly
convex cones. Generalize Exercise 3.4.15 to glue together all the affine toric varieties
Spec,, Rgv, with o € A.

3.4.18. Show that the toric variety corresponding to the fan
(0.1)

(1,0)

(_19_1)

is P2.
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3.5 Sheaves of Modules
Subvarieties or subschemes of affine spaces are given by ideals in polynomial rings.
It is convenient to extend this idea.

Definition 3.5.1. Let (X, %) be aringed space. A subsheaf .# C Z is called an ideal
sheaf if .#(U) C Z(U) is an ideal for every U.

An ideal sheaf determines a sheaf of rings #/.# and a subspace called the
support,
supp(#Z/ ) ={x € X | (#/.7)x # O}

Example 3.5.2. The sheaf %y C O introduced in Example 3.2.8 is an ideal sheaf.
The support of Ox /.7 is precisely Y.

Example 3.5.3. Given an ideal I C k[x1,...,x,], we get an associated ideal sheaf
IU)=104(U)= {f | g € k[xy,...,x,] isnowhere Oon U, f € I}
8
defined in §3.3. The support of the sheaf Oxn/.# is Z(I), and this sheaf is the
structure sheaf of the scheme Spec,, (k[xi,...,x,]/I) extended to A}.
We can construct ideal sheaves on P} fairly concretely as well.

Example 3.5.4. Let I C S = k[xo,...,x,] be a homogeneous ideal. Let S; C be the
set of degree-d polynomials, and let I; = I N S;. The corresponding ideal sheaf on
P" is given by

T(U):{£|Eld,f€1d,g€Sd&g7é00nU}.

Note that the support of Opn /I is Z(I).

Just as in ordinary algebra, it is useful to pass from ideals to more general
modules:

Definition 3.5.5. A sheaf of Z-modules or simply an %Z-module is a sheaf .#
such that each .Z(U) is an #Z(U)-module and the restrictions .# (U) — .# (V)
are Z(U)-linear.

Clearly ideal sheaves are examples, but there are plenty of others.

Example 3.5.6. Let (X,Cy) be a C* manifold. Then the space of vector fields on
U C X is a module over C*(U) in a way compatible with restriction. Therefore the
tangent sheaf J is a Cy-module, as is the sheaf of 1-forms é‘}}
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Sheaves of modules form a category %-Mod where the morphisms are
morphisms of sheaves .# — .4 such that each map .#Z(U) — A (U) is Z(U)-
linear. This is in fact an abelian category. The notion of exactness in this category
coincides with the notion introduced in Section 3.2.

Before giving more examples, we recall the tensor product and related construc-
tions [8, 33, 76].

Theorem 3.5.7. Given modules My,M, over a commutative ring R, there exist an
R-module My @ My and a map (my,my) — my @ my of My x My — M} ®g M, that
is bilinear and universal:

(a) (rm+rm")@my=r(m@my) +r (m @my).

(b) my @ (rm~+r'm') =r(m @m)+r'(m @m).

(¢) Any map My X My — N satisfying the first two properties is given by ¢ (m; @my)
for a unique homomorphism ¢ : My @ My — N.

Definition 3.5.8. Given a module M over a commutative ring R,
T*(M)=ROM & (MOrM) D (MSrMRRM)---

becomes a noncommutative associative R-algebra called the tensor algebra with
product induced by ®. The exterior algebra A*M (respectively symmetric algebra
S*M) is the quotient of T*(M) by the two-sided ideal generated m ® m (respectively
(my @my —mp @my)).

The product in A*M is denoted by A. We denote by A?M (SPM) the submodule
generated by products of p elements. If V is a finite-dimensional vector space,
APV* (respectively SPV*) can be identified with the set of alternating (respectively
symmetric) multilinear forms on V in p-variables. After choosing a basis for V, one
sees that SPV* are degree-p polynomials in the coordinates.

These operations can be carried over to sheaves:

Definition 3.5.9. Let .# and .4 be two %-modules.

1. The direct sum .# & 4" is the sheaf U — .Z (U) ® A (U).

2. The tensor product.#Z® ./ is the sheafification of the presheaf U+ .7 (U)® 5
AN (U).

. The dual .7 of . is the sheafification of the presheaf U —Homg, (# v, %|v ).

. The pth exterior power AP is the sheafification of U — AP.Z (U).

5. The pth symmetric power S”.Z is the sheafification of U — SP.# (U).

W

We will see in the exercises that the sheafification step in the definition of .#*
is unnecessary. We have already encountered this construction implicitly: the sheaf
of 1-forms (5‘3} on a manifold is the dual of the tangent sheaf .7%. The objects of
classical tensor analysis are sections of the sheaf T*(Jx @ &} ). A special case of
fundamental importance is the following:

Definition 3.5.10. The sheaf of p-forms on a C*-manifold is & = NP &Y.
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We want to describe some examples in the algebraic setting. First, we describe
some standard methods for transferring modules between rings. If f : R — S is
a homomorphism of commutative rings, then any R-module M gives rise to an
S-module S @g M, with S acting by s(s; ® m) = ss; ® m. This construction is called
extension of scalars. In the opposite direction, an S-module can always be regarded
as an R-module via f. This is restriction of scalars.

Definition 3.5.11. Let R be an affine k-algebra, and M an R-module. Let X =
Spec,, R. We define an Ox-module M by extending scalars M(U) = Ox(U) Qg M.
Such a module is called quasicoherent.

When M =1 is an ideal in a polynomial ring, M coincides with the ideal sheaf
constructed in Example 3.5.3.

A final source of examples will come from vector bundles. These examples have
a special property.

Definition 3.5.12. A module .# over (X, %) is locally free (of rank n) if every point
has a neighborhoodi: U — X such that iV s isomorphic to a finite (n-fold) direct
sum i '\ %" =i "B @ @i~ '%. (We will usually write .# |y instead of i !/ in
the future.)

Let w:V — X be a rank-n C™ real (or holomorphic or algebraic) vector bundle
on a manifold or variety (X, %) with a local trivialization {(U;, ¢;) }, as discussed in
§2.6. Recall that we have a sheaf

Y (U)={s:U — n 'U is a morphism|mos =idy}.

Via the trivialization, #'(U) can be identified with a submodule of [T, Z(U; N U)".
In this way, ¥ becomes a sheaf of %Z-modules. The map ¢; induces an isomorphism
V|, =2 #|p,- Thus 7 is locally free of rank n. Conversely, we will see in Sec-
tion 7.3 that every such sheaf arises in this way. Further examples can be obtained
by applying the linear algebra operations of Definition 3.5.9.

Locally free modules over affine varieties have a simple characterization:

Theorem 3.5.13. Let M be a finitely generated module over an affine domain R. The
following are equivalent:

(a) M is locally free.
(b) My, is free for all p € Spec,, R.
(c) M is projective, i.e., A direct summand of a finitely generated free module.

Under these conditions, the function p — dimk(p) @g M on Spec,, R is constant
with value equal to the rank, where k(p) is the quotient field of R/ p.

Proof. See [15, Chapter II §5.2]. O

The last statement in the theorem can be strengthened slightly to give a numerical
characterization. Let R be an affine domain with field of fractions K. Any finitely
generated R-module determines a finite-dimensional K-vector space K @ M.
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Lemma 3.5.14. A finitely generated R-module M yields a locally free sheaf M if and

only if
dimk(p) @ M = dimK @r M

for all p € Spec,, R.

Proof. If M is locally free, the function p — dimk(p) g M is constant. Further-
more, M), is free, so that

dimk(p) @ M = dimk(p) ®r, M, = dimK ®g, M;, = dimK Qg M.

Conversely, suppose that dimk(p) @z M, = dimK @z M = n. Choose a set of
elements my,...,m, € M that maps onto a basis of k(p) @z M,. Then these generate
M), by Nakayama’s lemma [33, Corollary 4.8]. So we get a surjection ¢ : R), — M.
We will check that ker ¢ = 0, which will imply that M), is free. Since R, is a domain,
it suffices to check this after tensoring by K. After doing so, we get a surjection of
n-dimensional vector spaces, which is necessarily an isomorphism. O

Exercises

3.5.15. Show that M given in Definition 3.5.11 really is a sheaf, and that its stalk at
p is precisely the localization M),.

3.5.16. Show that duals, direct sums, tensor products, and exterior and symmetric
powers of locally free sheaves are locally free.

3.5.17. Given two Z-modules . ,./", define the presheaf s om(.# , ") by U —
Homg, (A |u,/ |u)- Show that this is a sheaf. Show that SZom(.4 , N )= M* @
A when 4,/ are locally free.

3.5.18. Given an #Z-module . over a locally ringed space (X, %), the stalk .Z is
an Z,-module for any x € X. If .# is a locally free Z7-module, show that then each
stalk .#, is a free %,-module of finite rank. Show that the converse can fail.

3.5.19. Suppose that X is an affine algebraic variety. Let M be a finitely generated
O (X)-module. Show that there exists a nonempty open set U C X such that M|y is
locally free of rank dim K ® M, where K is the field of fractions of '(X).

3.5.20. Show that an ideal is free if and only if it is principal. Prove that the ideal
M = (x,y) in R = C[x,y]/(y* — x(x — 1)(x — 2)) is locally free but not free.

3.5.21. If A, ./ are locally free of rank one on (X, %), show that #* ® N = Z.
Use this to show that the set of isomorphism classes of such sheaves forms an abelian
group denoted by Pic(X). In the notation of the exercise, show that M is a 2-torsion
element of X = Spec,, R .
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3.6 Line Bundles on Projective Space

In this section we define and study certain key examples of sheaves that are of
fundamental importance in algebraic geometry. Fix a positive integer n. Let k be
an algebraically closed field, P = P?, and V = k"*!. Let R = klxo,...,xn) = @Ry,
where R, is the subspace of homogeneous polynomials of degree d. Given an integer
d, define the subsheaf Op(d) of the constant sheaf of rational functions on P by

f

Op(d)(U) = { | de,g € R., f € R.1q, g noWhere zero on U} . (3.6.1)
8

Of course, we have 0p(0) = Op immediately from the definition. We have products
ﬁp(a) ® ﬁp(b) — ﬁ]p(a + b).

given by
U /
£t
8§ & 88
In particular, this shows that Op(d) is an Op-module.

Lemma 3.6.1.

(a) When d > 0, the space of global sections of Op(d) is Ry.

(b) When d < 0, Op(d) has no nonzero global sections.

(¢) Each Op(a) is locally free of rank one.

(d) There are natural isomorphisms Op(a) ® Op(b) = Op(a+b) and Op(a)* =
ﬁ]p(—a).

Proof. Statements (a) and (b) are immediate consequences of the definition (3.6.1),
since the denominator g is necessarily a nonzero constant. From the definition,
we can also identify

Op(d)(U;) = x{ Op(Uy), (3.6.2)

where U; denotes the complement of x; = 0. The remaining statements follows easily
from this. O

Part of the importance of these sheaves stems from the following fact:

Lemma 3.6.2. The ideal sheaf of any degree-d > 0 hypersurface in P (see
Example 3.5.4) is isomorphic to Op(—d).

Proof. Given a nonzero degree-d homogeneous polynomial 2 € R;, we can see from
(3.6.1) that we have an embedding p(—d) — Op given by f/g+ fh/g. The image
is precisely the ideal sheaf defined by /. O

We claimed earlier that locally free sheaves arise from vector bundles. We can see
this explicitly in these cases. We treat degree —1 here, and the leave the remaining
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cases as exercises. Recall that the tautological line bundle (Example 2.6.5) on pro-
jective space P is given by

L={(x,0) eV xP|xel}

with its natural projection to P.
Lemma 3.6.3. Op(—1) is isomorphic to the sheaf £ of sections of L.
Proof. By definition,

L(U)={H:U — k""" | H is regular and H(¢) € (}.
Thus the components 4; of H are regular functions satisfying
hi(X0, ...y Xn) = A(x0, ., Xn)Xi
for some function A. Rewriting A = h;/x;, we see that it lies in Op(—1)(U). This

process can be reversed. O

When k = C, we can pass to the associated complex analytic line bundle associ-
ated with L. Instead of trying to mimic equation (3.6.1) in the analytic category,
we simply define Op, (—1) as the sheaf of holomorphic sections of L, and

Or. (d) = Op, (-1)®--®@0p,(—1) (|d|-times) ifd <0,
o Op, (—1)*®---@0p, (—1)* (d-times) otherwise.

Note that in the sections where we will be working exclusively in the analytic
category, we usually suppress the subscript an.

Exercises

3.6.4. Show that Op(a) = Op(b) implies that a = b. Using the notation of Exer-
cise 3.5.21, conclude that Z C Pic(P).

3.6.5. LetU =P"*! —{[0,...,0,1]} and let £ : U — P denote projection. Show that
this is a line bundle, and that &p(1) is isomorphic to the sheaf of its sections.

3.6.6.Let v: P — PY = P(5V) denote the degree-d Veronese map. Show that
{(x,0) € SV x P | x € v(£)} determines a line bundle over P, and that Op(—d)
is its sheaf of sections.

3.6.7. Choose a point p € P. Prove that there is an exact sequence
0— Opy (d—1) = Op (d) = C, =0,

where C,(U) = Cif p € U and 0 otherwise. Use this to prove that dimI"(0p; (d)) =
d-+1whend > 0.
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3.7 Direct and Inverse Images

It is useful to transfer a sheaf from one topological space to another via a continuous
map f : X — Y. In fact, we have already done this in special cases. We start by
explaining how to push a sheaf on X down to Y.

Definition 3.7.1. Given a presheaf .# on X, the direct image f,.% is a presheaf on
Y given by f..7 (U) = F (f~'U) with restrictions given by

prypy F(fU) = Z(f7V).
Lemma 3.7.2. Direct images of sheaves are sheaves.

Proof. Suppose that f : X — Y is a continuous map and .# is a sheaf on X. Let {U;}
be an open cover of U C Y, and s; € f..% (U;) a collection of sections that agree
on the intersections. Then {f~!U;} is an open cover of f~'U, and we can regard
s; € Z(f~'U;) as a compatible collection of sections for it. Thus we can patch s; to
get a uniquely defined s € £..7 (U) = .Z (f~'U) such that s|y, = s;. This proves that
f«7 is a sheaf. O

Now we want to consider the opposite direction. Suppose that ¢ is a sheaf on Y.
We would like to pull it back to X. We will denote this by f~!%, since f* is reserved
for something related to be defined later on. Naively, we can simply try to define

9 ) =9(f)).

However, this does not yet make sense unless f(U) is open. So as a first step, given
any subset S C Y of a topological space and a presheaf ¢, define

9(S) = lim% (V) (3.7.1)

as V ranges over all open neighborhoods of S. When § is a point, ¢(S) is just the
stalk. An element of ¢(S) can be viewed as germ of a section defined in a neigh-
borhood of S, where two sections define the same germ if their restrictions agree in
a common neighborhood. If §’ C S, there is a natural restriction map ¥(S) — 4(5')
given by restriction of germs. So our naive attempt can now be made precise.

Definition 3.7.3. If ¢ is a presheaf on Y, the presheaf inverse image fF'¥Y is a
presheaf on X given by P9 (U) = 4(f(U)) with restrictions as above. The sheaf
inverse image is the sheafification f~'¢ = (ff%)*.

Although the definition of f~! seems much more complicated compared to f,,
it is in fact just as natural. The picture becomes clearer if we view the inverse image
in terms of its stalks. We then have

(f ') =Yy, (3.7.2)
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and there is more. As explained in Exercise 3.1.22, the sheaf ¢ determines the étalé
space 7 : Et(¢) = J%, — Y. The étalé space for f~'¢ is the fiber product

Et(/'9) = {(x,g) € X xE{(¥) | f(x) = m(g)},

so that f~'% is the sheaf of continuous cross sections of the projection
Et(f'9) - X.

If f: X — Y is the inclusion of a closed set, we also call f..# the extension of
Z by 0 and f~!¥ the restriction of ¥. We often identify .7 with its extension, and
denote the restriction by ¢|x.

These operations extend to functors f; : Ab(X) — Ab(Y) and f~' : Ab(Y) —
Ab(X) in an obvious way. While these operations are generally not inverses, there
is a relationship. There are canonical morphisms, called adjunctions, o : & —
fof V.7 and B : £~ £.9 — ¢ induced by the restriction maps

FU) = Z(f( ) = £TFZU) - f.f FU), UCY,
fPrEW) =9 (f(V) = 4(V), VCX.
Lemma 3.7.4. There is a natural isomorphism
Homp(x) (/' 7,%) = Homapy) (7, £:9)
given by 1 — (fin) o o The inverse is given by & — Bo (f71€).

In the language of category theory, this says that the functor f~! is left adjoint to
f«. The proof will be left as an exercise.

The collection of ringed spaces will form a category. To motivate the definition of
morphism, observe that from a morphism F of concrete k-spaces (X, %) — (Y,.7),
we get a morphism of sheaves of rings . — F,.Z given by s+ so F.

Definition 3.7.5. A morphism of (k-)ringed spaces (X, %) — (Y,.¥) is a continuous
map F : X — Y together with a morphism of sheaves of rings (or algebras) F’ : ./ —

F.Z%.

By Lemma 3.7.4, to give F’ is equivalent to giving the adjoint map F~1.¥ — Z.
Therefore we have the induced ring homomorphism . () — P, foreachx € X.

Definition 3.7.6. If (X, %) and (Y,.”) are locally ringed, a morphism F : (X, %) —
(Y,) is called a morphism of locally ringed spaces if it satisfies the additional
requirement that the induced maps () — %, be local homomorphisms.
A morphism of schemes is simply a morphism of locally ringed spaces

For affine schemes, we have the following description.

Proposition 3.7.7. Let R and S be affine algebras. There is a bijection

Homscpemes ((Specm S, ﬁSpeCm S) ) (SPeCm R, ﬁSpecm R) ) = Homk—alg (R, S) .
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Therefore there is an antiequivalence between the category of affine schemes and
affine algebras.

Proof. Let X = Spec,,S and Y = Spec,, R. Given a homomorphism f : R — S,
we just construct the corresponding morphism F = f*: X — Y. If m C S is a maxi-
mal ideal, then f~'m is again a maximal ideal by Hilbert’s Nullstellensatz. So we
can define F(m) = f~'m. It is easy to see that F is continuous. The induced homo-
morphisms R[1/r] — S[1/f(r)] yield morphisms &y — F, O of sheaves of rings on
basic open sets, and therefore on their extensions. The maps on stalks are the
induced local homomorphisms fy : Rg(;;y — Sm. Therefore F' is a morphism of
schemes.

In the opposite direction, a morphism F : X — Y induces a homomorphism R =
O(Y) — O0(X) = S. This yields the inverse. The remaining details will be left as an
exercise. O

The simplest example of a scheme that is not a variety is the fat point
Spec,, k[€]/(€?). This has the following interesting property.

Lemma 3.7.8. If X is a scheme, the set of morphisms from Spec, k[€]/(€%) to X is
in one-to-one correspondence with the set of vectors in the disjoint union of tangent
spaces UT.

Proof. The scheme D = Spec,,k[€]/(€?) has a unique point m = (£). We show
that the set of morphisms i : D — X with i(m) = x is in one to one correspon-
dence with T;. To give such a morphism is equivalent to giving a morphism of
D to a neighborhood of x. Therefore, we may replace X by an affine scheme
Spec,, R. By Proposition 3.7.7, D — Spec,, R corresponds to an algebra homomor-
phism i* : R — k[€]/(&?) such that (i*)~'m = m,. The map i* factors through R /m?>.
We can see that any homomorphism

h:R/m>=k®m./m> — k[e]/(€?) = kD ke

is given by hi(a,b) = a+v(b)e forv € T, = (m,/m?)*. The argument can be reversed
to show that conversely, any vector in v € T, determines an algebra map i* : R —
k[€]/(€?) for which (i*)~'m = m,. O

Suppose that [ : (X, %) — (Y,.%) is a morphism of ringed spaces. Given an
Z-module A, fi..# is naturally an f,.Z-module, and hence an .¥-module by
restriction of scalars via . — f,%. Similarly, given an .¥-module .4/, f -1y is
naturally an f~!.#-module. We define the %-module

[N =R, N,

where the Z is regarded as an f~!.%-module under the adjoint map f~!.¥ — Z.
When f is injective, we often write .4 |x instead of f*.4".

The inverse image of a locally free sheaf is easily seen to be locally free. This
has an interpretation in the context of vector bundles. If 7 : V — Y is a vector
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bundle, the pullback f*V — X is the vector bundle given set theoretically as the
projection
[V ={mx)[r0) =fx)} —X.

Then
fH(¥) = (sheaf of sections of f*V). (3.7.3)

A special case is that in which X = {y} — Y is the inclusion of a point. Then the
fiber 7~y can be identified with f*(¥) = (%y/my) @ .

Exercises

3.7.9. Verity (3.7.2).
3.7.10. Prove Lemma 3.7 .4.

3.7.11. Give examples where .#% — f.f~'.% and f~' .4 — & are not isomor-
phisms.

3.7.12. Complete the proof of Proposition 3.7.7.

3.7.13. Given an inclusion of an open set j : U — X and a sheaf .% on U, define
J1Z to be the sheafification of the presheaf

GV = F(V) ifvCU,
0 otherwise.

If . is a sheaf on X, show that this fits into an exact sequence
0—jij 'Y > —ii ¥ -0,
where i : X — U — X is the inclusion of the complement.

3.7.14. Generalize Lemma 3.2.5 to show that an exact sequence 0 — &/ — # —
% — 0 of sheaves gives rise to an exact sequence 0 — f,.. &/ — f. B — f.€ . In other
words, f is left exact.

3.7.15. Prove that f —1 s exact, i.e., that it takes exact sequences to exact sequences.
3.7.16. Verify the assertion given in (3.7.3).

3.7.17. Suppose we have gluing data (R;, ¢;;) and (R}, ¢;;) and homomorphisms f; :
R; — R/ such that ﬁd)l-’j = ¢;; f;- Show that there is an induced morphism of glued
schemes extending f;" : Spec,, R; — Spec,, R;. Use this to justify Remark 3.4.11.

3.7.18. Let L, be obtained by gluing Spec,, k[x,y] to Spec,, k[x~!,x?y]. Show that Ly
is a line bundle over IP’,l whose sheaf of sections is isomorphic to &'(+d).
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3.7.19. Let f: ]P’Z*l — P}/ be a linear embedding, given for example by setting x,, =
0. Show that f*Opn(d) = Op,—1(d).

3.7.20. Let v : P? — P¥ be the dth Veronese embedding. Show that v* &pv (1) =
Opn(d).

3.7.21. An n-jet on a scheme X is a morphism from Speck|e]/ (") to X. Give an
interpretation of these similar to Lemma 3.7.8.

3.8 Differentials

With basic sheaf theory in hand, we can now construct sheaves of differential forms
on manifolds and varieties in a unified way. In order to motivate things, let us start
with a calculation. Suppose that X = R” with coordinates xi,...,x,. Given a C*
function f on X, we can develop a Taylor expansion about (yi,...,y,):

d
f(xlv"'axn) :f(ylvayn)—’_Z&f (yl,~~~,yn)(xi_yi)+0((xi_yi)2)~
1
Thus the differential is given by

df:f('X:l?"')xn)—f(y17"')yn) mod(xl_yl)z'

We can View Xi,...,Xn,V1,-- -,V as coordinates on X x X = R?", so thatx; —y; =0
defines the diagonal A. Then df lies in the ideal of A modulo its square.

Let X be a C* or complex manifold or an algebraic variety over a field k. We take
k=R or C in the first two cases. We have a diagonal map 6 : X — X X X given by
x +— (x,x), and projections p; : X x X — X. Let .#, be the ideal sheaf of the image
of 8, and let .¥ A2 C 7, be the sub—ideal sheaf locally generated by products of pairs
of sections of .Z,. Then we define the sheaf of 1-forms by

Qi = (I4/ 7).

This has two different Ox-module structures; we pick the first one, where Oy acts
on ., through pfl Ox — Oxxx. We define the sheaf of p-forms by Q§ = /\I’Q}(.
We define a morphism d : Ox — Q) of sheaves (but not Ox-modules) by df =
pi(f) — p5(f). This has the right formal properties because of the following:

Lemma 3.8.1. d is a k-linear derivation.
Proof. By direct calculation,
d(fg) — fdg—gdf = [pi(f) — p>(f)llpa(g) — p3(g)] € I3 O

Differentials behave contravariantly with respect to morphisms. Given a mor-
phism of manifolds or varieties f :Y — X, we get a morphism ¥ XY — X x X
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preserving the diagonal. This induces a morphism of sheaves g*Q} — Q| that fits
into a commutative square:
g 0x — Oy
d] ld
QL — Q)

The calculations at the beginning of this section basically show the following:

Lemma 3.8.2. [f X is C* manifold, then Q). = &} and d coincides with the deriva-
tive constructed in Section 2.6.

Since complex manifolds are also C*-manifolds, there is potential for confusion.
So in the sequel, we will use the symbol Q} only in the holomorphic or algebraic
case. Sections of & over a coordinate neighborhood are given by sums ¥, fidx; with
C* coefficients. A similar statement holds for sections of Q}( on complex manifolds,
except that x; should be chosen as analytic coordinates, and the coefficients should
be holomorphic.

Now suppose that X C AkN is a closed subvariety defined by the ideal (f1,..., f;).
Let S = k[xi,...,xy] and R = S/(fi,..., f+) be the coordinate rings on AY and X.
Then Q) is quasicoherent. In fact, it is given by Qr /k» Where the module of Kéhler
differentials [33, Chapter 16] is given by

ker[R @R — R]

R/ (kerlR @R — R

The differential is induced by the map d : R — Qg givenby dr=r@1—-1®r.
An argument similar to the proof of Lemma 3.8.1 shows that this is a derivation.
The pair (g, d) is characterized as the universal k-linear derivation [33, §16.8].
This means that any k-linear derivation 6 : R — M factors as R — Qp x— Mina
unique way. From this, we can extract an alternative description by generators and
relations: £ /; is isomorphic to the free module on symbols {dr | r € R} modulo the
submodule generated by the relations d(ar + bs) = adr + bds and d(rs) — rds — sdr
for r,s € R,a,b € k. With the second description, we easily verify that €/ is the
free S-module on dxy,...,dxy with

df = z 3){1 dx;.
In general, we obtain the following isomorphism:
Lemma 3.8.3.
Qg /i = coker (gf;) .

Proof. Given r € R, dr can be expanded as a sum of dx;, since d is a derivation.
Thus there is a surjection

PRdx; — Qg — 0.
j
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Let K denote the kernel of this map. The expressions d f; necessarily lie in K. Let
€' be the quotient of &Rdx; by the span K’ of the df;. This is exactly the cokernel
of the Jacobian matrix. The composition § — €/, — €’ descends to a well-defined
k-linear derivation d’ : R — ©'. Therefore we obtain a map Qg — €', which can
be seen to be compatible with the projections from @Rdx;. Thus K C K, so that
Qg = Q' as claimed. O

Theorem 3.8.4. X is nonsingular if and only if Q)l( is locally free of rank equal to
dimX.

Proof. X is nonsingular if and only if the function x — dimk(m,) ® Q}e Ik takes the

constant value dimX. So the result follows from Lemma 3.5.14. O

Exercises

3.8.5. The tangent sheaf to a variety or manifold can be defined by Jx = (Q})*.
Show that a section D € Jx (U) determines an Ox (U )-linear derivation from Oy (U)
to Ox (U).

3.8.6. Prove that .2 = ./ *" if ./ is locally free. Show that Q) is not isomorphic
to 3 if X is the cusp defined by y? — x* = 0. Thus Q} contains more information
in general.

3.8.7. Check that g/, is a free module on dx; as claimed above, where § =
k[xl, . ,XN].

3.8.8. Given a subvariety or submanifold i : X C Y, show that there is an epimor-
phism i*Q} = Oy ® Q) — Q}.

3.8.9. When X C Y is a subvariety with ideal sheaf ¢, show that there is an exact
sequence

F| I = Oy @Q) — Qy — 0.
The sheaf ¢/ _#? is called the conormal sheaf of X in Y.

3.8.10. Using the identity dx~! = —x~2dx, show that Op = Opi(—2) over any
algebraically closed field.



Chapter 4
Sheaf Cohomology

As we saw in the previous chapter, a “surjection” or epimorphism . — ¢ of
sheaves need not induce a surjection of global sections. We would like to under-
stand what further conditions are required to ensure this. Although this may seem
like a fairly technical problem, it lies at the heart of many fundamental questions in
geometry and function theory. Typically, we may want to know when some inter-
esting class of functions extends from a subspace to the whole space, and this is a
special case of the above problem.

In this chapter, we introduce sheaf cohomology, which gives a framework in
which to answer such questions and more. Our basic approach is due to Godement
[45], but we have set things up as an inductive definition. This will allow us to get
to the main results rather quickly.

4.1 Flasque Sheaves

We start by isolating a class of sheaves for which the extension problem becomes
trivial. These will form the building blocks for cohomology in general.

Definition 4.1.1. A sheaf .% on X is called flasque (or flabby) if the restriction maps
F(X) — Z(U) are surjective for any nonempty open set U.

Sheaves are rarely flasque. Here are a few examples.

Example 4.1.2. Let X be a space with the property that any open set is connected
(more specifically, suppose X is irreducible). Then any constant sheaf is flasque.

Example 4.1.3. For any abelian group, the so-called skyscraper sheaf

A ifxeU
A(U) = .7
0 otherwise,
is flasque.
D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 79

DOI 10.1007/978-1-4614-1809-2_4, © Springer Science+Business Media, LLC 2012
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The importance of flasque sheaves stems from the following:

Lemma 4.1.4. If0 — o — % — € — 0 is an exact sequence of sheaves with .o/
flasque, then (X)) — € (X) is surjective.

Proof. We will prove this by the unfashionable method of transfinite induction.!
Let y € €(X). By assumption, there is an open cover {U;};c; such that y|y, lifts to
a section f; € #(U;). By the well-ordering theorem, we can assume that the index
set [ is the set of ordinal numbers less than a given ordinal x. We will define

o, €XhB (U Uj)
j<i

inductively, so that it maps to the restriction of y. Set o1 = 8. Now suppose that o;
exists. Let U = U;N(Uj<;U;). Then Bi|y — 0;|y is the image of a section o] € <7 (U).
By hypothesis, ¢ extends to a global section ¢; € <7 (X). Then set

. O; On Uj<ina
Oir1 =
ﬁi_ai|U,- on U;.

If i is a limit (nonsuccessor) ordinal, then the previous o;’s patch to define o;. Then
Oy is a global section of B mapping to 7. O

Corollary 4.1.5. The sequence 0 — </ (X) — B(X) — €(X) — 0 is exact if </ is
flasque.

Proof. Combine this with Lemma 3.2.5. a

Let % be a presheaf. Define the presheaf G(#) of discontinuous sections of
F by
U H Fr
xeU
with the obvious restrictions. This terminology is explained by thinking about this as
the sheaf of discontinuous sections of the étalé space, although it is simpler to define
it directly as we did. There is a canonical morphism Yz : % — G(.%), sending
f e .Z(U) to the product of germs (fy)xeu-

Lemma 4.1.6. G(.%) is a flasque sheaf, and the morphism vz : F — G(F) is a
monomorphism if F is a sheaf.

The operation G clearly determines a functor from Ab(X) to itself.

Lemma 4.1.7. The functor G is exact, which means that it takes exact sequences to
exact sequences.

I See [70, appendix] for background. However, for most cases of interest to us, X will have a
countable basis, so ordinary induction will suffice.
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Proof. Given an exact sequence 0 — o — A — ¢ — 0, the sequence 0 — o7, —
HB, — 6x — 0 is exact by definition. Therefore

xeU xeU xeU

is exact. Therefore
0—-G(#)—>G(HAB) —G(¥)—0

is an exact sequence of presheaves, and hence of sheaves by Exercise 3.2.12. O

Let I' : Ab(X) — Ab denote the functor of global sections, I'(X,.%) =T (%) =
F(X).

Lemma 4.1.8. Then I' o G : Ab(X) — Ab is exact.

Proof. Follows from Corollary 4.1.5 and Lemma 4.1.7. a

Exercises

4.1.9. Prove that any constant sheaf on an irreducible algebraic variety is flasque.
4.1.10. Find a proof of Lemma 4.1.4 that uses Zorn’s lemma.

4.1.11. Given a possibly infinite family of flasque sheaves ¥, prove that their
product ([1%4)(U) = [1%:(U) is flasque, and conclude that G(.%) is flasque for
any presheaf .%. Prove that the canonical map % — G(.%) is a monomorphism
when . is a sheaf.

4.1.12. Let X95¢ denote the set X with its discrete topology, and let 7 : X4i5¢ — X be
the identity map. Show that G(.%) = m.w*.%, and that the above map .% — G(.%)
is the adjunction map (§3.7).

4.1.13. Prove that the sheaf of bounded continuous real-valued functions on R is
flasque.

4.1.14. Prove the same thing for the sheaf of bounded C* functions on R.

4.1.15. Prove thatif 0 — &/ — B — € is exact and <7 is flasque, then 0 — f,.&/ —
f+B — f.€ — 0is exact for any continuous map f.
4.2 Cohomology

Let .# be a sheaf on a topological space X. Define the following operations by
induction:
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F ifi=0,
Ci(7) =/ cokerlyz : F — G(.F)] ifi=1,
cl(Cc(#)) ifi=n+1.

By definition, ¥z can be prolonged to an exact sequence
0—.%7 -G(ZF)—C{(F)—0.
Thus we also have exact sequences
0— C"(F) — G(C'(F)) - C""1(F) —0.

Sheaf cohomology can now be defined inductively:

Definition 4.2.1.
rx,7) ifi=0,
H'(X,7) = { coker[['(X,G(.F)) — '(X,C' (#))] ifi=1,
H'(X,C"F)) ifi=n+1.

The following can be deduced from the definition by induction.
Lemma 4.2.2. .7 — H(X,.7) is a functor from Ab(X) — Ab,
We now come to the key result.
Theorem 4.2.3. Given an exact sequence of sheaves
0—-o >B—E—0,
there is a long exact sequence
0—-H'(X,o) - H'(X,8) > H'(X,¢) > H'(X,o/) - H' (X, %) — ---.
The proof will be based on a couple of lemmas.
Lemma 4.2.4 (Snake lemma). Given a commutative diagram of abelian groups

0 >A1 > B f>C1 >

o B b4
v y y
0 > A > By >

with exact rows, there is a canonical exact sequence
0 — ker(a) — ker(f8) — ker(y) — coker(o) — coker() — coker(7).

The last map is surjective if By — C, is also surjective.
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The existence of the sequence is standard and can be proved by a diagram chase
(or looked up in many places [8, 33, 76]). The only thing we want to explain is how
the sequence can be made canonical, since this is not always clear from standard
proofs. Canonicity is crucial for us.

Proof. Most of the maps are the obvious ones, and these are clearly natural.
We explain how to construct a canonical connecting (or “snaking’’) homomorphism
3 : ker(y) — coker(c). Define P = f~!ker(y) C B and let K be the kernel of the
surjective homomorphism P — ker(y). We note that f induces an isomorphism
F : P/K = ker(y). The image of P under 8 maps to O in C,. Therefore, we have
a canonical map 6’ : P — A, through which f3|p factors. A simple chase shows that
0’(K) C im(c). Therefore we get an induced map

6 : ker(y) L P/K LN coker(a). 4.2.1)
O

The snake lemma and similar results hold in any abelian category [82]. For
sheaves, we can see this directly.

Lemma 4.2.5 (Snake lemma II). Given a commutative diagram of sheaves of
abelian groups
0 > ,Q/l > @1 > %1 > ()
o B Y
\ \ \
0 > ah > % >

with exact rows, there is a canonical exact sequence
0 — ker(a) — ker(f) — ker(y) — coker(o) — coker(B) — coker(7).
The last map is an epimorphism if 5, — €, is an epimorphism.

Proof. Since we have canonical maps in the previous lemma, these extend to
sheaves. The exactness can be checked on stalks, and so this reduces to the previous
statement. O

Lemma 4.2.6. The exact sequence of sheaves given in the top row can be extended
to a commutative diagram with exact rows and columns:
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0 0 0
v v v

0 > o > A >%€ >0
v v v

0 0 0
v v v

0 > o > %A >€ >0
v v v

0 > G() >G(A) > G(%) >0
The snake lemma gives the rest. O

We are now ready to prove Theorem 4.2.3.

Proof. From Lemmas 3.2.5, 4.1.8, 4.2.6 we get a commutative diagram with exact
TrOwS:

0 >I(G()) ~I(G(#)) ~I(G(%) >0

0 >F@&%D >FWQ%D >F@n%D

From the snake lemma, we obtain a six-term exact sequence
0 >H'X,&) >~ H(X, %) >~ H(X,%) ) (4.2.2)

-
-

~H'(X, ) >~ H' (X, %) ~H'(X,¥)
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which we need to extend. Applying (4.2.2) to
0—Cl(w)—-Cl(B)—-C(€)—0
yields a six-term sequence
.. = H(X,C"(#)) — H'(X,C"(€)) > H* X, o) — -,

which is not quite what we want. We will show that the connecting map & factors
through a map & of

H(X,C' (%))

HO(X,G(?))

From Lemma 4.2.6 and (4.2.2), we obtain a commutative diagram with exact rows
and columns

H' (X,¢) =

H(G(%)) > H(G(%)) >0 (4.2.3)
\ \ s \
H(CY(#))  =H(CY(¥)) =~ =H ()
S _ 7
V _ 7~
H'(%) =H' (%)

Given an element 7 € H' (X, %), choose a lift y € H(X,C' (%)) and set 67 = §7.
To see that this is well defined, let ¥ € H°(X,C'(%)) be another lift. Then y — 7/
lies in H%(X, G (%)), which can be lifted to H(X,G(2%)) by Lemma 4.1.8. An easy
diagram chase using (4.2.3) shows that §y = 67 as desired. We also see immedi-
ately that 67 = 0 if and only if 7 lies in the image of H'(X, ). Thus we have a
six-term cohomology sequence

S H\(X,B) - H'(X,€) S HA X, o) — -
which extends the earlier one. Applying this to
0— Ci(o) — C(B) - C(F)—0
shows that we can continue this sequence indefinitely. O
Corollary 4.2.7. Z(X) — € (X) is surjective if H' (X ,o/) = 0.

We make an addendum to the theorem that says that the cohomology sequence
is natural, or in words that the H'(X,—) form a “8-functor” [51, 60]. By a map
or morphism of diagrams (and particularly exact sequences), we will simply mean
a map between objects in the same position that commute with the maps of the
diagram.
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Theorem 4.2.8. A morphism of short exact sequences of sheaves gives rise to a map
of long exact sequences of cohomology.

Exercises

4.2.9. If .7 is flasque, prove that H(X,.7) = 0 for i > 0. (Prove this for i = 1, and

that .# flasque implies that C! (%) is flasque.)

4.2.10. Prove that H'(X,Zx) = 0 when i > 0 for any irreducible algebraic variety.

4.2.11. Finish all the details in the proof of the snake lemmas.

4.2.12. Give a proof of Theorem 4.2.8.

4.2.13. Given a sheaf .27 on X, let Ext! (Z, o7) denote the set of exact sequences
0—-o >B—7Z—0

modulo the equivalence relation that two sequences are exact if and only if they fit
into a commutative diagram

0 > of > A >7 >0

v \ \
0 > of >%€ >7 >0

Check that this is in fact an equivalence relation. Show that the class (1) €
H'(X,</) associated to an exact sequence determines a well-defined map
Ext'(Z,/) — H'(X,</). Show that this is a bijection.

4.3 Soft Sheaves

We introduce the class of soft sheaves, whose definition is similar to the class of
flasque sheaves. The main advantage is that unlike flasque sheaves, the soft sheaves
often occur “in nature.” We assume throughout this section that X is a metric space,
although the results hold under the weaker assumption that X is paracompact and
Hausdorff.

Definition 4.3.1. A sheaf .7 is called soft if the map .7 (X) — .Z (S) is surjective
for all closed sets, where .% (S) was defined in (3.7.1).

Lemma 4.3.2. If 0 — o/ — % — € — 0 is an exact sequence of sheaves with </
soft, then (X)) — € (X) is surjective.
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Proof. The proof is very similar to the proof of Lemma 4.1.4. We just indicate
the modifications. Let y € €(X). We can assume that the open cover {U; | i < k},
such that y|y, lifts to 4, consists of open balls. We can also assume that this cover
is locally finite, which means that every point has a neighborhood that intersects
finitely many members of the cover. This follows from Stone’s theorem [112, 70]
that metric spaces are paracompact. In fact, we are mostly interested in the case
of locally compact spaces, where this fact is trivial. Let {V;} be a new open cover
where we shrink the radii of each ball, so that V; C U;. We can define

0; € B(Uj<iV))
inductively as before, so that o, maps to 7. a
Corollary 4.3.3. If o/ and 2B are soft, then so is C.

Proof. For any closed set S, Z(X) — %(S) is surjective. The lemma shows that
HB(S) — €(S) is surjective. Therefore B(X) — €(S) is surjective, and this implies
the same for €' (X) — €(S). O

One trivially has the following:
Lemma 4.3.4. A flasque sheaf is soft.
Lemma 4.3.5. If .7 is soft, then H'(X,.%) = 0 for i > 0.

Proof. Lemma 4.3.2 applied to 0 — .% — G(#) — C!(F) — 0 shows that
H'(X,.7) = 0. Corollary 4.3.3 and the previous lemma imply that C!(F) is soft.
By induction it follows that all the C'(.%#) are soft. Hence H'(X,.#) = 0 for all i.

O

Theorem 4.3.6. The sheaf Conty g of continuous real-valued functions on a metric
space X is soft.

Proof. The basic strategy of this proof and many of the subsequent softness proofs
is the construction of a continuous “cutoff”” function p that is 0 outside a given
neighborhood U of a closed set S, and 1 close to S. Then given any continuous
function f : U — R, pf can be extended by 0 to all of X. Since f and p f have the
same germ along S, this would prove the surjectivity of Conty g (X) — Conty (S)
as required

To construct p we proceed as follows. Let S| C U be a closed set containing S in
its interior. This can be constructed by expressing U as a union of open balls, and
taking the union of closed balls of half the radii. Let S, = X — U. Then Urysohn’s
lemma [70] guarantees the existence of a continuous p taking a value of 1 on S| and
0 on S,. O

We get many more examples of soft sheaves with the following.

Lemma 4.3.7. Let % be a soft sheaf of rings. Then any %-module is sofft.
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Proof. Let m be a section of an Z-module defined in a neighborhood of a closed set
S, and let S, be the complement of this neighborhood. Since % is soft, the section
that is 1 on S and 0 on S, extends to a global section p. Then pm extends to a global
section of the module. O

Let S! ¢ C denote the unit circle, and let ¢ : R — S denote the normalized
exponential e(x) = exp(27ix). Let us say that X is locally simply connected if every
neighborhood of every point contains a simply connected neighborhood.

Lemma 4.3.8. If X is locally simply connected, then the sequence
0 — Zy — Conty g — Conty g1 — 1

is exact.

Proof. Exactness of the sequence of sections can be checked in any simply con-
nected neighborhood of a point. This implies exactness of the sequence stalks. O

Lemma 4.3.9. If X is simply connected and locally simply connected, then
H'(X,Zx) = 0.

Note that in the future, we will usually write H(X,Z) instead of H(X,Zy ), and
likewise for other constant sheaves.

Proof. Since X is simply connected, any continuous map from X to S! can be lifted
to a continuous map to its universal cover R. In other words, Cg (X) surjects onto
Cg1(X). Since Cg is soft, Lemma 4.3.8 implies that H'(X,Z) = 0. O

Corollary 4.3.10. H' (R",Z) = 0.

Exercises

4.3.11. Show that the sheaf of piecewise linear continuous real-valued functions on
R is soft.

4.3.12. Show that Contg r is not flasque. Conclude that a module over a flasque
sheaf of rings need not be flasque.

4.3.13. Suppose that X is a locally compact metric space. If 0 - &7 — Z — % — 0
is an exact sequence of sheaves with o7 soft, show that I'.(#) — I.(%) is surjective,
where I are the sections with compact support.

4.3.14. Assuming that X is locally compact, we can define cohomology with com-
pact support by setting H(X,.#) = I.(F), H (X, #) = coker[[.(F) —
I.(C'(%))] and so on. Construct a long exact sequence (or at least the first six
terms) analagous to Theorem 4.2.3.

4.3.15. Again assuming that X is locally compact, prove that the higher cohomology
with compact support of a soft sheaf is trivial.
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4.4 C~-Modules Are Soft

We want to prove that the sheaf of C* functions on a manifold is soft. We start with
a few lemmas.

Lemma 4.4.1. Given € > 0, there exists an R-linear “smoothing” operator X :
Cont(R") — C=(R") such that if f(x) is constant for all points x in an € ball about

X0, then e (f)(x0) = f(x0)-

Proof. Let y be a C~ function on R” with support in ||x|| < 1 such that [ wdx = 1.
Rescale this by setting ¢ (x) = €"y(x/¢€). Then the convolution

Ze(f)x) = [ f)o(x—y)dy

Rl‘l
will have the desired properties. a

Lemma 4.4.2. Let S C R" be a compact subset, and let U be an open neighborhood
of S. Then there exists a C™ function p : R" — R that is 1 on S and 0 outside U.

Proof. We constructed a continuous function p; : R” — R with these properties in
the previous section. Now set p = X (p;) with € sufficiently small. ad

We want to extend this to a manifold X. For this, we need the following construc-
tion. Let {U;} be a locally finite open cover of X, which means that every point of
X is contained in a finite number of U;’s. A partition of unity subordinate to {U;} is
a collection of C* functions ¢; : X — [0, 1] such that

1. The support of ¢; lies in U;.
2. ¥ ¢; = 1 (the sum is meaningful by local finiteness).

Partitions of unity always exist for any locally finite cover; see [110, 117] or the
exercises.

Lemma 4.4.3. Let S C X be a closed subset, and let U be an open neighborhood of
S. Then there exists a C™ function p : X — R that is 1 on S and 0 outside U.

Proof. Let {U;} be a locally finite open cover of X such that each U; is diffeomor-
phic to a ball R” (see the exercises). Then we have functions p; € C*(U;) that are 1
on SNU; and 0 outside U N U; by the previous lemma. Choose a partition of unity
{¢:}. Then p =Y, ¢;p; will give the desired function. O

Theorem 4.4.4. Given a C™ manifold X, Cy, is soft.

Proof. Given a function f defined in a neighborhood of a closed set S C X, let p be
given as in Lemma 4.4.3. Then p f gives a global C* function extending f. a

Corollary 4.4.5. Any Cy-module is soft.

These arguments can be extended by introducing the notion of a fine sheaf,
described below.
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Exercises

4.4.6. Let X be an n dimensional C™ manifold. Prove that it has a locally finite open
cover {U;} such that each U; is diffeomorphic to R”.

4.4.7. Let X and {U;} be as in the previous exercise. Construct a partition of unity
in this case, by first constructing a family of continuous functions satisfying these
conditions, and then applying 2.

4.4.8. A sheaf .7 is called fine if for each locally finite cover {U;} there exists a
partition of unity that is a collection of endomorphisms ¢; : % — % such that

1. The endomorphism of .%, induced by ¢; vanishes for x ¢ U;.
2.%¢;=1.

Prove that a fine sheaf on a paracompact Hausdorff space is soft.

4.4.9.Let X = R or S'. Compute H*(X,R) using the complex 0 — R — Cy —
Cx — 0, where the last map is the derivative.

4.5 Mayer-Vietoris Sequence

Given a continuous map f : ¥ — X and a sheaf .# € Ab(X), we defined the inverse
image f~!.7 € Ab(Y) as the sheaf associated with

LY. f"7)= Z(f(¥)) = lim Z(U).

Thus we have a natural map
Po - F(X7‘gz) _>F(Y7fily)
induced from restriction.

Theorem 4.5.1. There exist natural maps p; & : H(X,.7) — H'(Y, f~'.F), agree-
ing with above map when i = 0, such that a short exact sequence

0— .9 — % — F3—0
gives rise to a commutative diagram

> H\(X,7) > H(X,.%,) > H\(X,.%3) >

Y Y Y
~H(Y,f'7) =H(Yf'%) =H({Y.f %) =
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Proof. We define the map by induction. For i = 0 the map po has already been
defined. We construct a morphism f~'G(.#) — G(f~'.7) as follows. Let U C Y.
Then let

B:f'G(F =1 #&—-11%w fL.7)(U)

xef(U) yeU

be defined as the identity 7 — F(,) if x = f(y), and 0 otherwise. Then there is a
unique morphism

o fICHF) = Cl (1 F)
fitting into a commutative diagram.
0 > f 17 >f‘1G(<§5) >f‘1C1(§) >0
id B o

v v v
o >f'7  =G(f'7)  =Ci(f

)
)

) =0
We can iterate this to obtain a morphism
o fICH(F) = Cl(f1.7).

Then from what has been defined so far, we get the diagram below, marked with
solid arrows:

rxG(#)  ~rxcF)  HEF) -0
'
\ \

v
ry.G(f'») =rc('s) =H(Yf'7) >0
This gives rise to the dotted arrow p;. For i > 1, we define p; as the composite

H'(X,C (7)) P H (v, 1O () S H (v, €N (1 7).
The remaining properties are left as an exercise. O

When f: Y — X is an inclusion of an open set, we will usually write H'(Y,.7) for
H(Y,f~'.7) and refer to the induced map on cohomology as restriction. We will
introduce a basic tool for computing cohomology groups that is a prelude to Cech
cohomology.

Theorem 4.5.2. Let X be a union of two open sets U UV and let % be a sheaf on
X. Then there is a long exact sequence, called the Mayer—Vietoris sequence,

. - H'(X,7)—H(U,Z)®H (V,F)
—HUNV,Z)—>HT (X, 7) - .-,
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where the first indicated arrow is the sum of the restrictions, and the second is the
difference.

Proof. The proofis very similar to the proof of Theorem 4.2.3, so we will just sketch
it, leaving some of the details as an exercise. We may construct a commutative
diagram with exact rows

0—I'X,G(7)) — I'lU,G(7))eI'(V,G(F)) — IUNV,G(F)) —0
1 1 l
0—I'(X,C'(#)) - TI'U,CY(F))al(V,.C!(F)) - L UNV,C'(F))
Then applying the snake lemma yields the sequence of the first six terms:

> HUNV,Z) - H (X, F) - ---.

When applied to C'(.%), this yields

= HOUNV,CHP)) & HAX, ) = -

One checks that ¢ factors through a map

H' UMV, 7) % B2 (X, 7)

such that B

ker(8) =im[H' (U,.Z)® H (V,.7)].
Then repeat with C'(.%) in place of .Z. O
Exercises

4.5.3. Let A be an abelian group. Use Mayer—Vietoris to prove that H'(S!,4) = A.
4.5.4. Show that H'(S",A) =0 if n > 2.

4.5.5. Let us say that X has finite-dimensional cohomology if ¥ dimH'(X,R)
< oo, These dimensions are called the Betti numbers. Then we define the topological
Euler characteristic e(X) = ¥(—1)'dim H'(X,R). Show that if X = U UV and U
and V have finite-dimensional cohomology, then the same is true of X, and further-
more e(X) =e(U)+e(V)—e(UNV).

4.5.6. Let S be the topological space associated with a finite simplicial complex
(jump ahead to Chapter 7 for the definition if necessary). Prove that e(S) is the
alternating sum of the number of simplices.

4.5.7. Let X = X; UX; be a union of algebraic Varieties such that X; N X, consists
of exactly two points. Prove that H'(X,Z) = Z and H(X,Z) = 0 for i > 1. (Use
Exercise 4.2.10.)
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4.5.8. Complete the proof of Theorem 4.5.1.

4.5.9. Complete the proof of Theorem 4.5.2.

4.6 Products*

Since this section is a bit technical, it may be better to skip it on first reading.
Suppose that we have sheaves .# and ¢ of k-vector spaces, where k is a field.
The tensor product & ® G is the sheafification of the presheaf

U~ ZU)er9U).
So in particular, we have a product map
X, )y I'X,9) - TI'X,F ¢ 9). (4.6.1)

Our goal is to extend this to higher cohomology. The restriction to sheaves of vector
spaces is not essential, but it simplifies the discussion. Let ® = ®; below.
We want a canonical family of maps

U:H'(X,Z)2H (X,9) - H(X,Z 29),

referred to collectively as the cup product, coinciding with the product in (4.6.1)
when i = j = 0. This is not saying much, since the zero map will satisfy this (for
i # 0+ j). So we impose a stronger condition. Suppose

0— % — Fr— F3—0

is exact. Then
07109 —FR9— FRY9—0

remains exact, because we are tensoring sheaves of vector spaces. Let
§:H'(X,F3) — H™ (X, 7),
§:H/I(X,7309)— HT (X, 7,09),
denote the connecting maps. Then we require that
o(aUB)=6(a)UP (4.6.2)
hold for all choices. We make a similar requirement that
S(aUpB)=(-1)auUs(B) (4.6.3)

when .Z is fixed, and ¢ is replaced by an exact sequence.
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Theorem 4.6.1. There exists a unique family of products satisfying the conditions
(4.6.2) and (4.6.3).

Proof. Since the proof is rather long, we treat only the low-degree cases in detail.
Fori=1,j =0, we proceed as follows. There is a natural morphism G(.%) ® ¢ —
G(ZF ®%) given by (fr)x® g — (fx ® gx)x. Therefore, we get a map

po:C(F) 9 - CHF 29)
making the diagram

0 =709 =GF)eY ~CY(Fe¥ =0

|
|
Y \ \
0 =709 =G(FeY) =C(Fs9) =0

commute. Recalling that

o _ TX,CY(7))
HX7) = 4 Fx.6(7))
HI(X’}~®%)_ F(X,Cl(}‘@%))

CimIN(X,G(F ®9))’
it follows that the product map
rx,cli(z)erx,9) —-rx,cC(ze9))
determines a map on first cohomology
U:H'\(X,.7)9H(X,9) - H' (X,.Z 29).

The construction for i = 1, j = 0 proceeds in the same way by first constructing
a map
tor :-FZ @CHY) — CHF 29).

Turning to i = j = 1, we have a commutative diagram

Cl(F)eC(¥9) >CHZFeCY(9)) (4.6.4)
T~ - ﬁu
v T~o v
cl(CH{F)29) >CHF29)

where the sides are induced by lo; and 1. The diagonal map ;1 induces a product

r(X,C'(7)elr(X,C'(¥)) - T (X,C}(F29)).
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Using the commutativity of the diagram (4.6.4), we readily verify that the induced
map
U:H'(X,.Z)9H'(X,9) — H*(X,.Z ©9)

is well defined.
This can now be iterated to obtain a series of maps

Lij: C(F)@CH(Y) - CT(F29).

The cup product can now be constructed in general using this map and the previous
cases. For example, fori > 1, j > 0, we use the composition

H'(X,.C™N(#)) o H'(X,CT71(9)) — H*(X,C"H(F) o 1(¥))
—>H2(X,Cl+j_2(</®g))
~ HY(X,.Z®9)).

The boundary formula (4.6.2) comes down to a diagram chase. We treat just the
first case, which contains all the main ideas. We recall that

8 HY'(X,%3) — H' (X, %),

S H (X, Z3 2 9) — H (X, 712, 9),

are constructed from the boundary operators given by the snake lemma (4.2.1)
applied to

0 >I(G(F)) >T'(G(#)) >I(G(#) >0 (465

v v v
0 >=rc(#) =rci(sn) =rc(H)

and

0 >T'(G(F1®9)) >T'(G(F#®9)) >I'(G(F®9)) >0

\ \ \
0 >I(CY(7 29) > (C(F9)) >T(CY(FR9))
(4.6.6)
respectively. Tensoring (4.6.5) with I'(¥¢) yields a new diagram (4.6.5)®I'(¥¢) with
exact rows. The associated boundary operator is seen to be

§®idr(y)  HO(X,75)@T(9) - H' (X, 7)o (¥).

The diagram (4.6.5)®I' (%) maps to (4.6.6) by the cup product map. The resulting
compatibility of boundary operators means that formula (4.6.2) holds.
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Now we treat a special case of uniqueness. Suppose that U is a family of products
satisfying the conditions of the theorem. Given oo € H'(X,.%) and B € H(X,9),
let us calculate oz U 3. Since the boundary operator

§:H'X,CY(7)) - H'(X,.7)
is surjective, we can write o = 6(7y), so that
aUB =6(yUB)=6(rop).
The commutivity of the diagram

)

H'(CYF)29) ~HY (F 29)

Hio =
v s v
H(CY(Z29) ° ~H (F29)

shows that
aUB =58(to(y®p))

as in the original construction. O

The theorem gives an axiomatic characterization of products that allows compari-
son with the more flexible construction given in [45, Chapter 11, §6]. As a corollary,
we see that H*(X, k) carries a product, which is known to make this into a graded
commutative associative algebra.

Exercises

4.6.2. Verity the commutivity of (4.6.4).
4.6.3. Check that the product with values in H*(X,.7 ® 9 ® .%) is associative.

4.6.4. Finish the proof of uniqueness.



Chapter 5
De Rham Cohomology of Manifolds

In this chapter, we study the topology of C”-manifolds. We define the de Rham
cohomology of a manifold, which is the vector space of closed differential forms
modulo exact forms. After sheafifying the construction, we see that the de Rham
complex forms a so-called acyclic resolution of the constant sheaf R. We prove a
general result that sheaf cohomology can be computed using such resolutions, and
deduce a version of de Rham’s theorem that de Rham cohomology is sheaf coho-
mology with coefficients in R. It follows that de Rham cohomology depends only
on the underlying topology. Using a different acyclic resolution that is dual to the de
Rham complex, we prove Poincaré duality. This duality makes cohomology, which
is normally contravariant, into a covariant theory. We devote a section to explain-
ing these somewhat mysterious covariant maps, called Gysin maps. We end this
chapter with the remarkable Lefschetz trace formula, which in principle, calculates
the number of fixed points for a map of a manifold to itself.

A systematic development of topology from the de Rham point of view is given
in Bott and Tu [14].

5.1 Acyclic Resolutions

We start by reviewing some standard notions from homological algebra.

Definition 5.1.1. A complex of (sheaves of) abelian groups is a possibly infinite
sequence

.._>Fiﬂ>pi+1 ﬂ
of (sheaves of) groups and homomorphisms satisfying d; d; = 0.

These conditions guarantee that im(d;) C ker(d;1). We denote a complex by F*°,
and we often suppress the indices on d. The ith cohomology of F* is defined by

; ker(d;
iy = Kl
1m(dl~,1 )
D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 97

DOI 10.1007/978-1-4614-1809-2_5, © Springer Science+Business Media, LLC 2012
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(We reserve the regular font “H” for sheaf cohomology.) These groups are zero
precisely when the complex is exact.

Definition 5.1.2. A sheaf .% is called acyclic if H(X,.%) = 0 for all i > 0.
For example, flasque sheaves and soft sheaves on a metric space are acyclic.

Definition 5.1.3. An acyclic resolution of a sheaf .# is an exact sequence
07— F'sF7l5...

of sheaves such that each . is acyclic.

A functor between abelian categories, such as Ab or Ab(X), need not take exact
sequences to exact sequences, but it will always take complexes to complexes.
In particular, given a complex of sheaves . °, the sequence

rx,7% -rx,z' - ...

is necessarily a complex of abelian groups.

Theorem 5.1.4. Given an acyclic resolution .F° of %, we have
H (X, 7)== A (X,7*)).

Proof. Let # ' =.% and # = ker(F*! — Z™2) fori > 0. Then there are exact
sequences ' ' '
0" S F o -0

for i > 0. Since each .Z' is acyclic, Theorem 4.2.3 implies that
0—H (Y-S HYF) - H (A - H () =0 (5.1.1)

is exact, and _ ' _ A
HI ()= I (T (5.1.2)

for j > 0. We have a diagram

HO(%i—l)

N

HO(gifl) >H0(9i) >H0(Lgi+l)

~

HO(%i)

which is commutative, since the morphism .%'~! — .Z factors through .#~! and
so on. The oblique line in the diagram is part of (5.1.1), so it is exact. In parti-
cular, the first hooked arrow is injective. The injectivity of the second hooked arrow
follows for similar reasons. Thus
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m[H(F) — HO ()] = im[HO(F') — HO(FH)). (5.1.3)

Suppose that o € H(.#") maps to 0 in HO(.F"*!). Then it maps to 0 in H(£7).
Therefore o lies in the image of H%(.#~!). Thus

H (1) = ker[H(F') — HO(Z1H1)). (5.1.4)

This already implies the theorem when i = 0. Replacing i by i+ 1 in (5.1.4) and
combining it with (5.1.1) and (5.1.3) shows that

H' (7 H?(%i) o kér[Ho(yiﬂ) _}HO(gi—O—Z)]
im[HO(F) — HO(AT)]  im[HO(FT) — HO(FH)]
Combining this with the isomorphisms
Hi+1(y‘) =Hi+1(<%/_1) gHi(%O) oL ng(%i_l)
of (5.1.2) proves the theorem for positive exponents. O

Example 5.1.5. Let % be a sheaf. Using the notation from Section 4.2, define
G/(F) = G(C/(F)). We define d : G'(.F) — G'*!(.F) as the composition of the
natural maps G’(ﬁ ) — CH(.F) — G (.F). This can be seen to give an acyclic
resolution of .7

Exercises

5.1.6. Check that G*(.%#) gives an acyclic resolution of .7

5.1.7. A sheaf .# is called injective if given a monomorphism of sheaves &/ — %,
any morphism &/ — .# extends to a morphism of % — .#. Show that an injective
module is flasque and hence acyclic. (Hint: given an open set U C X, let Zy =
ker[Zx — Zx_y]; check that Hom(Zy,.#) = .# (U).) Conclude that if 0 — .% —
#% — 71 — ... is an injective resolution, then H(X,.7) = s/ (I'(X,.#*)); this
is usually taken as the definition of H'.

5.1.8. A morphism of complexes is a collection of maps .#' — ¢’ commuting
with the differentials d. This would induce a map on cohomology. Suppose that
F —F0 > ... and 9 — 4% — ... are acyclic resolutions of sheaves .Z and ¢,
and suppose that we have a morphism .# — ¥ that extends to a morphism of the
resolutions. Show that we can choose the isomorphisms so that the diagram

Hi(ly) > %i(rl(y-))
Hi(9) = #/([(9*))

commutes.
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5.2 De Rham’s Theorem

Let X be a C* manifold and &% = & the sheaf of k-forms on it. Note that & = Cy.
If U C X is a coordinate neighborhood with coordinates xi,.. ., x,, then &(U) is a
free C* (U )-module with basis

{dxil/\---/\dxik|i1<---<ik}.

Theorem 5.2.1. There exist canonical R-linear maps d - é”)’(‘ — é}'{“’l, called exterior
derivatives, satisfying the following:

(a)d: é@? — (5}} is the operation introduced in Section 2.6.

(b) d*> =0.

(c)d(anB)=daAB+(—1)andB foral a € &(X), B €E/(X).
(d)Ifg:Y —=XisaC” map, gfod=dog".

Proof. A complete proof can be found in almost any book on manifolds (e.g.,
[110, 117]). We will only sketch the construction. When U C X is a coordinate
neighborhood with coordinates x;, we can see that there is a unique operation satis-
fying the above rules (a) and (c) given by

of.
d Z filmikdxil/\"'/\dxik = 2 2 J;I"'l"dxj/\dxil/\'-'/\dx,'k.
i <<y i <<ig j Xj

By uniqueness, these local d’s patch to define an operator on X . Taking the derivative
again yields

22(92ﬁ1...ikd
xj Ndxp Ndx;, /\---dx,'k
Y anan ’

92f . 9Xf
:ZZ( fl1...lk_ fll---”‘>dxj/\dxé/\dxi1/\"'dxik,
==\ dxjox,  dxdx;
=0
which proves (b). q

When X = R3, d can be realized as the div, grad, curl of vector calculus. The
theorem tells us that £°(X) forms a complex, called the de Rham complex.

Definition 5.2.2. The de Rham cohomology groups (actually vector spaces) of X
are defined by
Hig(X) = 24(8* (X)).

A differential form « is called closed if doo = 0 and exact if oo = dff for some
B. Elements of de Rham cohomology are equivalence classes [¢t] represented by
closed forms, where two closed forms are equivalent if they differ by an exact form.
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Given a C* map of manifolds g : ¥ — X, we get a map g*: &*(X) — &*(Y) of
the de Rham complexes that induces a map g* on cohomology. We easily have the
following lemma:

Lemma 5.2.3. X — H [’)R (X) is a contravariant functor from manifolds to real vector
spaces.

We compute the de Rham cohomology of Euclidean space.

Theorem 5.2.4 (Poincaré’s lemma). For all n and k > 0,

HY(R") = 0.

Proof. Assume, for the inductive hypothesis, that the theorem holds for n — 1. Con-
sider the maps p : R” — R"~! and 1 : R"~! — R" defined by p(x1,x2,...,%,) =
(x2,...,%,) and t1(x2,...,x,) = (0,x2,...,%,). Let R = (10 p)*. More explicitly,
R: &5(R") — &F(R™) is the R-linear operator defined by

R(f(x1,...,%0)dxiy \--- Ndx;,)

~ J fOx2,. . x)dxiy AN Ndxg, i 1 iy i,
o otherwise,

where we always choose i} < ip < ---. The image of R can be identified with
p*&X(R™1). Note that R commutes with d. Therefore if o € &%(R") is closed,
dRo = Rdoc = 0. By the induction assumption, Ro: is exact.

For each k, define a linear map 4 : &% (R") — &K~ 1(R") by

(0 fdxy)dxiy A--- Adxg, if iy = 1,

(f(x1 Xn) iy x’k) {0 otherwise.

Then the fundamental theorem of calculus shows that dh+hd = I — R, where I is the
identity. (In other words, % is homotopy from I to R.) Given o € &¥(R") satisfying
doo = 0, we have o = dho + Ro, which is exact. O

We have an inclusion of the sheaf of locally constant functions Ry C &2. This is
precisely the kernel of d : £ — &.

Theorem 5.2.5. The sequence
0—>Rx—>é§?—>é‘§ — -

is an acyclic resolution of Ry.

Proof. Any ball is diffeomorphic to Euclidean space, and any point on a mani-
fold has a fundamental system of such neighborhoods. Therefore, Poincaré’s lemma
implies that the above sequence is exact on stalks, and hence exact.

By Corollary 4.4.5, the sheaves &* are soft, hence acyclic. a
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Corollary 5.2.6 (De Rham’s theorem). There is an isomorphism
HY.(X) = HY (X, R)
dR y)

In particular, de Rham cohomology depends only on the underlying topological
space.

Recall that by our convention, H*(X,R) is H*(X,Ry). Later on, we will work
with complex-valued differential forms. Essentially the same argument shows that
H*(X,C) can be computed using such forms.

Exercises

5.2.7. We will say that a manifold is of finite type if it has a finite open cover {U;}
such that any nonempty intersection of the U; are diffeomorphic to the ball. Compact
manifolds are known to have finite type [110, pp. 595-596]. Using Mayer—Vietoris
and de Rham’s theorem, prove that if X is an n-dimensional manifold of finite type,
then H*(X,R) vanishes for k > n, and is finite-dimensional otherwise.

5.2.8. Let X be a manifold, and let ¢ be the coordinate along R in R x X. Consider
themaps1:X — R xX and p: R xX — X given by x — (0,x) and (¢, x) — x. Since
(pot) =id, conclude that 1* : H) (R x X)) — H}p(X) is surjective.

5.2.9. Continuing the notation from the previous exercise, let R : &¥(R x X) —
&*(R x X) be the operator (iop)*, and let i : &¥(R x X) — & (R x X) be
the operator that is integration with respect to d¢ (as in the proof of the Poincaré
lemma). Show that dh + hd = I — R. Use this to show that R induces the identity
on Hip(R x X). Conclude that 1* : Hp(R x X) — Hip(X) is also injective, and
therefore an isomorphism.

5.2.10. Show that C — {0} is diffeomorphic to R x S, and conclude that H},(C —

{0}) is one-dimensional. Show that Re(‘fzz) = ‘{C‘i’f‘;d»" generates it.

5.2.11. Let S" denote the n-dimensional sphere. Use Mayer—Vietoris with respect to
the cover U = §" — {north pole} and V = " — {south pole} to compute H*(S",R).
(Hint: show that U NV =2 8" 1 x R.)

5.3 Kiinneth’s Formula

Suppose that X is a C* manifold. If & € &(X) and B € &/(X) are closed forms,
then oo A B is also closed, by Theorem 5.2.1. The cup product of the associated
cohomology classes is defined by [ot] U[B] = [a A B]. This is a well-defined opera-
tion that makes de Rham cohomology into a graded ring. An extension of de Rham’s
theorem shows that this operation is also a topological invariant.
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Theorem 5.3.1 (Multiplicative de Rham’s theorem). Under the de Rham isomor-
phism, the product given above coincides with the cup product in sheaf cohomology
constructed in Section 4.6.

We outline the argument, concentrating on those parts that will be needed later.
First, we need a more convenient method for computing cup products. Given com-
plexes of (sheaves of) vector spaces (A®,d4) and (B®,dp) over a field k, their tensor
product is the complex

(A*@B*)" = P A'®B’
i+j=n
with differential
d(a®b)=dya®@b+ (1) a®dgh, acA'bcB.
The cohomology of this is easily computed by the following result:

Theorem 5.3.2 (Algebraic Kiinneth formula). If A®* and B® are complexes of
vector spaces, then

Hn((A.®B. o @ Hz ®H] B.)
i+j=n

where the map (from right to left) is induced by the inclusion of kerds ® kerdp C
kerd.

Proof. A proof can be found in [108, Chapter 5 §3, Lemma 1; §4] for instance. O
The next lemma is left as an exercise.
Lemma 5.3.3. The tensor product of two soft sheaves of vector spaces is soft.

Lemma 5.3.4. If . — F°* and G — 9° are soft resolutions of sheaves of vector
spaces, then @9 — (F°*®@%9*)* is again a soft resolution.

Proof. The previous lemma shows that the sheaves (.7 °* ®%*)® are soft. To see that

it resolves .# @ ¢, use Theorem 5.3.2 to obtain
. FiQY, ifi=0,
A F ey = 0
0 otherwise.

Choosing soft resolutions . — %°® and ¥ — ¥°, we have a morphism of
complexes

(M(F)el(@%) = L(F*09%)),

which induces a map on cohomology. The cohomology on the left decomposes into
a sum of tensor products of the cohomology of .% and ¢. Thus on each summand
we get a map

H(X,Z)9H/(X,9) - H/(X,Z2%9). (5.3.1)
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Lemma 5.3.5. The map in (5.3.1) coincides with the product defined in Section 4.6.

Proof. This hinges on the fact that the product given in (5.3.1) is well defined and
satisfies the axioms of Theorem 4.6.1 by [45, pp. 255-259]. a

We can now sketch the proof of Theorem 5.3.1.

Proof. By the previous lemmas and [45, Chapter II, Theorem 6.6.1], it suffices to
observe that the diagram

ROR > (& @d6y)°
= A
v \
R ~ > @(‘3;
commutes. O

We can adapt these arguments to deduce a more geometric version of Kiinneth’s
formula.

Theorem 5.3.6 (Kiinneth formula). Let X and Y be C” manifolds. Then the
product Z =X x Y is also a C* manifold. Let p:Z — X and q: Z — Y denote
the projections. Then the map

Y oi®Bi— Y proilg*p;
induces an isomorphism

D Hir(X) @r Hip(Y) = Hyp(Z).
i+j=k

Proof. The proof involves the sheaves p*&% @g q*éﬁf . Their sections on basic opens
are
P ELRGEIUXV) = EU) R E (V).

These map to éaziﬂ (U x V) under x(oe® f3) = p*ae Ag*B. Locally constant functions
lie in p*&Y ® ¢*&). Thus we have a commutative triangle

R,C =&

\ A
K
(p*éx @q°67)*
The map 1 is a soft resolution, as we saw earlier. An argument similar to the proof

of Lemma 5.3.4 shows that 1’ is also a soft resolution. Therefore the map k induces
an isomorphism in cohomology. O
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Exercises

5.3.7. Check that [o] U [B] = [a A B] yields a well-defined product on Hj,(X).
5.3.8. Prove Lemma 5.3.3.

5.3.9. Let ¢(X) = ¥(—1)'dimH'(X,R) denote the Euler characteristic. Prove that
e(XxY)=e(X)e(Y).

5.3.10. Show that the cohomology ring of a torus T = (R/Z)" is isomorphic to the
exterior algebra on R”".

5.4 Poincaré Duality

Let X be a C* manifold. Let £¥(X) denote the set of C* k-forms with compact
support. Clearly d&¥(X) € £¥1(X), so these form a complex.

Definition 5.4.1. Compactly supported de Rham cohomology is defined by
Higp(X) = 2482 (X))

Lemma 5.4.2. For all n,

Rifk=n
k ny __ 3
Her(RY) = {0 otherwise.

Proof. [14, Corollary 4.7.1]. O

This computation suggests that these groups are roughly opposite to the usual
de Rham groups. There is another piece of evidence, which is that H .4z behaves
covariantly in certain cases. For example, given an open set U C X, a form in éaf (U)
can be extended by zero to &¥(X). This induces a map H  (U) — HF . (X).

The precise statement of duality requires the notion of orientation. An orientation
on an n-dimensional real vector space V is a connected component of A"V — {0}
(there are two). An ordered basis vy,...,V, is positively oriented if v{ A--- A v, lies
in the given component. If V were to vary, there is no guarantee that we could choose
an orientation consistently. So we make a definition:

Definition 5.4.3. An n-dimensional manifold X is called orientable if A"Txy minus
its zero section has two components. If this is the case, an orientation is a choice of
one of these components.

Theorem 5.4.4 (Poincaré duality, version I). Let X be a connected oriented
n-dimensional manifold. Then

Hegp(X) = H" (X, R)".
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There is a standard proof of this using currents, which are to forms what dis-
tributions are to functions. However, we can get by with something much weaker.
We define the space of pseudocurrents of degree k on an open set U C X to be

€(U) = 27 (U)" : = Hom(&2(U), R).

This is “pseudo” because we are using the ordinary (as opposed to topological) dual.
We make this into a presheaf as follows. Given V C U, & € 6X(U), B € & *(V),

define ct|y (B) = ot(B), where B is the extension of B by 0.
Lemma 5.4.5. €¥ is a sheaf.

Proof. Let {U;} be an open cover of U, which we may assume is locally finite.

Suppose that o; € %X(U,) is a collection of sections such that o4|y.n U = ocj|U[mU/

This means that o;(8) = o,;(B) if B has supportin U;NU;. Let {p;} be a C* partition
of unity subordinate to {U } (see §4.3). Then define o € € (U) by

o(B) =, (piBlu,).
We have to show that o/(f) = a;(B) for any B € &%(U;) with B its extension to

U by 0. The support of p;f3 lies in U; Nsupp(B) C U; N U, so only finitely many of
these are nonzero. Therefore

B :2051'( i ZO‘J —O‘J B),

as required. We leave it to the reader to check that ¢ is the unique current with this
property. O

Define a map & : €(U) — €57 (U) by 8(0)(B) = (—1)*'a(dB). One auto-
matically has 2 = 0. Thus we have a complex of sheaves.

Let X be an oriented n-dimensional manifold. Then we will recall [109] that one
can define an integral [y o for any n-form o € &7 (X). Using a partition of unity, the
definition can be reduced to the case that o is supported in a coordinate neighbor-
hood U. Then we can write o2 = f(x1,...,x,)dx1 A -+ Adx,, where the order of the
coordinates is chosen so that d/dxy,...,d/dx, gives a positive orientation of T.

Then
/ / th » X dX1 “dxy.

The functional [, defines a canonical global section of 6.

Theorem 5.4.6 (Stokes’s theorem). Let X be an oriented n-dimensional manifold;
then [y dfB = 0.

Proof. See [109]. O

Corollary 5.4.7. [, € ker[d].
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We define a map Ry — ‘5)? by sending r to r [y. The key lemma to establish
Theorem 5.4.4 is the following:

Lemma 5.4.8.
0— Ry — ‘5,? — ‘5; —

is an acyclic resolution.

Proof. Lemma 5.4.2 implies that this complex is exact. Given f € C*(U) and
o € €*%(U), define

fo(B) = a(fB).

This makes ¥ into a C*-module, and it follows that it is soft and therefore acyclic.
O

We can now prove Theorem 5.4.4.

Proof. We can use the complex €y to compute the cohomology of Ry to obtain
H'(X,R) = (63 (X)) = A" (67 (X)").

The right-hand space is isomorphic to H é 4r(X,R)*. This completes the proof of the
theorem. U

Corollary 5.4.9. If X is a compact oriented n-dimensional manifold, then
HY(X,R) = H" *(X,R)".
The following is really a corollary of the proof.

Corollary 5.4.10. If X is a connected oriented n-dimensional manifold, then the
map o — [y o induces an isomorphism

/ H'p(X,R) = R.

We can make the Poincaré duality isomorphism more explicit:

Theorem 5.4.11 (Poincaré duality, version II). If f € H Lf’d’Rk (X)*, then there exists
a closed form o € &¥(X) such that f([B]) = [y & A B. Moreover; the class (o] €
HA,(X) is unique.
Proof. Define
P:&F— €

by

P(@)(B) = [ anp
for w € £K(U) and B € &' *(U). With the help of Stokes’s theorem, we see that

O0P(a) = P(da). Therefore, P gives a morphism of complexes of sheaves. Note also
that P(1) = [y. Thus we have a morphism of resolutions
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Rx i @(‘3;
I
]RX — %);
So the theorem follows from Exercise 5.1.8. O
Corollary 5.4.12. The cup product (induced by N\) followed by integration gives a
nondegenerate pairing

Hjp(X) x H:d_Rk(X) — Hyyp(X) = R.

Here is a simple example to illustrate this.

Example 5.4.13. Consider the torus T = R"/Z". We will show later, in Section 8.2,
that every de Rham cohomology class on T contains a unique form with constant
coefficients. This will imply that there is an algebra isomorphism H*(T,R) = A*R".
Poincaré duality becomes the standard isomorphism

AR 22 AnERR,

Exercises

5.4.14. Prove that the Euler characteristic ¥,(—1)’dim H'(X,R) is zero when X is an
odd-dimensional compact orientable manifold.

5.4.15. If X is a connected oriented n-dimensional manifold, show that

R if X is compact,
0 otherwise.

H"(X,R) = {
5.4.16.(2) Let $2 C R3 denote the unit sphere. Show that
o =xdyNdz+ydz \Ndx+ zdx Ndy
generates H7,(S?).
(b) The real projective plane is defined by RP? = §? /i, where i(x,y,z) = —(x,y,2).

This is a compact manifold. Show that H7,(RP?) = 0 by identifying it with the
i*-invariant part of HjR(S2), and conclude that it cannot be orientable.

5.4.17. Assuming the exercises of §4.3, prove that H.(X,R) = H' 5 (X).

5.5 Gysin Maps

Let f:Y — X be a C” map of compact oriented manifolds of dimension m and n
respectively. Then we have a natural map
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o Ht]i(R(X) - H!z(R(Y)
given by pulling back forms. By Poincaré duality, we can identify this with a map
Hijp*(X)" — Hjg *(v)",
Dualizing and changing variables yields a map in the opposite direction,
fis Hig(Y) — Hyg" " (X)),

called the Gysin homomorphism. This is characterized by

[ A@up=[aur®) (55.1)
X Y

Our goal is to give a more explicit description of this map. Notice that we can factor
f as the inclusion of the graph ¥ — Y x X given by y — (y, f(v)), followed by a
projection Y x X — X. Therefore we only need to study what happens in these two
special cases.

5.5.1 Projections

Suppose that ¥ = X x Z is a product of compact connected oriented manifolds.
Let p:Y — X and g : Y — Z be the projections. Let r = m —n = dimZ. Choose
local coordinates xp,...,x, on X and zj,...,z, on Z. Integration along the fiber
Jy: EX(Y) — &%(X) is defined in local coordinates by

Zfil....,ik,n(xly---7xn7Z17---7Zr)dZ1 A Ndzy Ndxip N -+~ Ndxg,_, —
2 (/f,'l,,_,,,'kn (X153 Xy 2050+ -5 2r)dz1 - -dzn> dxiy \---Ndx,_ .

Note that fp o = 0 if none of its terms contains dzj; A - - - Adzy,.
Lemma 5.5.1. p« is represented by [, o.

Proof. Fubini’s theorem in calculus gives

/Yoc/\p*ﬁ:/X(/pa>/\ﬁ, (5.5.2)

so that fp satisfies (5.5.1). O

The cohomology of Y is the tensor product of the cohomology of X and Z by the
Kiinneth formula, Theorem 5.3.6. The Gysin map p, is simply the projection onto
one of the Kiinneth factors,

Hyp(Y) — Hyt"™"(X) @ Hyi ™(Z) = Hy" ™ (X).
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5.5.2 Inclusions

Now suppose that i : ¥ — X is an inclusion of a closed submanifold. We need the
following:

Theorem 5.5.2. There exists an open neighborhood Tubey of Y in X, called a tubu-
lar neighbourhood. This possesses a C* map m : Tubey — Y that makes Tubey a
locally trivial bundle over Y, with fibers diffeomorphic to R"~™,

Proof. The details can be found in [110, Chapter 9, addendum]. However, we give a
brief outline, since we will need to understand a bit about the construction later on.
We choose a Riemannian metric on X. This amounts to a family of inner products on
the tangent spaces of X; among other things, this allows one to define the length of
a curve. The Riemannian distance between two points is the infimum of the lengths
of curves joining the points. This is a metric in the sense of point set topology.
Tubey is given by the set of points with Riemannian distance less than € from Y for
0 < € < 1. In order to see the bundle structure, we give an alternative description.
We can take the normal bundle N to be the fiberwise orthogonal complement to the
tangent bundle Ty in Tx|y. N inherits a Riemannian metric, and we let Tubeg, CN
be the set of points of distance less than € from the zero section. Given a point
(»,v) €N, let 7,,(t) be the geodesic emanating from y with velocity v. Then the
map (y,v) — %.,(1) defines a diffeomorphism from Tubejy to Tubey. O

Then the map i* can be factored as
H M (X) — Hi *(Tubey ) & H 5 (Y).

The second map is an isomorphism, since the fibers of 7 are contractible. Dualizing,
we see that iy is a composition of

Hip(Y) 5 H ™ (Tubey ) — HAE™(X).

The first map is called the Thom isomorphism. The second map can be seen to
be extension by zero. To get more insight into this, let X = 0. Then H(?R(Y) has a
natural generator, which is the constant function 1y with value 1. Under the Thom
isomorphism, this maps to a class 7y € H, 2" (Tubey), called the Thom class. This
can be represented by (any) differential form with compact support in Tubey, which
integrates to 1 on the fibers of w. The Thom isomorphism is given explicitly by
o — m*ocUty. So to summarize:

Lemma 5.5.3. i\« is the extension of t* ot U Ty to X by zero.

Exercises

5.54. Let j: U — X be the inclusion of an open set in a connected oriented mani-
fold. Check that the Poincaré dual of the restriction map j* : Hj,(X) — Hj,(U) is
given by extension by zero.
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5.5.5. Let 7 : Tubey — Y be a tubular neighborhood for i : ¥ < X as above. Prove
that i* = [, v U for B € &*(X), where [, is defined as above.

5.5.6. With the help of the previous exercise and (the appropriate extension of)
(5.5.2), finish the proof of Lemma 5.5.3.

5.5.7. Prove the projection formula f,(f*(a)UB) = aU fi.

5.6 Fundamental Class

We can use Gysin maps to construct interesting cohomology classes. Leti: Y «— X
be a closed connected oriented m-dimensional submanifold of an n-dimensional
oriented manifold.

Definition 5.6.1. The fundamental class of ¥ in X is [Y] = ij1y € H},"(X).

Equivalently, [Y] is the extension of 7y by zero. Under the duality isomorphism,
HO%(Y) = H".(Y)*, 1 goes to the functional

B | B.
aH/l/i*a

in H™(X)*. Composing this with the isomorphism H" (X)* = H" (X)) yields the

basic relation
/i*a:/[Y]ua. (5.6.1)
Y X

Let Y,Z C X be oriented submanifolds such that dimY + dimZ = n. Then under
the duality isomorphism, [Y]U[Z] € H"(X,R) 2 R corresponds to a number Y - Z,
called the intersection number. This has a geometric interpretation that we give
under an extra transversality assumption that holds “most of the time.” We say that
Y and Z are transverse if Y NZ is finite and if Ty , ® 1z , = Tx ) for each p in the
intersection.

and this maps to

Definition 5.6.2. Let Y and Z be transverse, and let p € Y NZ. Choose ordered bases
vi(p),---,vm(p) € Typ and vyp1(p),...,va(p) € Tz, that are positively oriented
with respect to the orientations of Y and Z. The local intersection number at p is

+1 ifvl(]?),u-,Vm(P),VmH(P),---,Vn(]?)
ip(Y,Z) = is a positively oriented basis of Tx ,,
—1 otherwise.

(This is easily seen to be independent of the choice of bases.)
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Proposition 5.6.3. If Y and Z are transverse, thenY -Z =73, ,cyrzip(Y,Z).

Proof. Letm = dimY. Let U, be a collection of disjoint coordinate neighborhoods
for each p € Y NZ. (Note that these U, will be replaced by smaller neighbor-
hoods whenever necessary.) Choose coordinates xi, . .., x,, around each p such that Y
is given by x,,41 = --- =x, =0and Z by x; = - -- = x;,, = 0. Next construct suitable
tubular neighborhoods 7: T — Y of Y and " : T" — Z of Z. Recall that these neigh-
borhoods depend on a choice of Riemannian metric and radii €,€’. By choosing the
radii small enough, we can guarantee that 7 N 7" lies in the union JU,. Also, by
modifying the metric to be Euclidean near each p, we can assume that 7 is locally
the projection (xi,...,x,) — (x1,...,%n), and likewise for 7’.
Then with the above assumptions,

Y-ZZ/Ty/\TZ:Z/ Ty N\ Tz,
X > Ju,

where Ty and 77 are forms representing the Thom classes of 7 and 77. We will
assume that U, is a ball and hence diffeomorphic to R". We can view Ty|Up as
defining a class in

Hgp(R™) @ Hjyg"(R" ™) 2 Hly" (R™™)

and similarly for TZ|U,,- Thus we can see that

TYlUp :f(xm+17"'7xn)dxM+1/\'../\dx”+dn’
TZlUP :g(XI,...,xm)d)q/\"'Adxm+d€a

with f and g compactly supported such that

Rn_mf(xm+17---axn)dxm+l"'dxn:/ng(xly---vxm)dxl"'dxm: 1.

Fubini’s theorem and Stokes’s theorem then give

/ Ty/\TZ:ip(Y,Z). O

Up

The proposition implies that the intersection number is an integer for transverse
intersections. In fact, this is always true. There are a couple of ways to see this.
One is by proving that intersections can always be made transverse without altering
the intersection numbers. A simpler explanation is that the fundamental classes can
actually be defined to take values in integral cohomology H*(X,Z). Moreover, we
have a cup product pairing as indicated:

HYX,Z)x H" X(X,Z) — H"(X,Z) = Z.

The classes that we have defined are images under the natural map H*(X,Z) —
H*(X,R).



5.7 Lefschetz Trace Formula 113

Example 5.6.4. Let T = R" /7", let {e;} be the standard basis of R”, and let x; be
coordinates on R”. If V; C R" is the span of {e; | i € [}, then T} =V;/(Z"NV}) is a
submanifold of T'. Its fundamental class is dx;, A--- Adx;,, where i} < --- <ig are
the elements of [ in increasing order. If J is the complement of 7, then 77 and T will
meet transversally at one point. Therefore 77 - Ty = £1.

Example 5.6.5. Consider complex projective space P{.. This is the basic example
for us, and it will be studied further in Section 7.2. For now we just state the main

results. We have
Rif 0 <i<2niseven,

i n —
Har(Pe) = { 0 otherwise.

Given a complex subspace V C C"*!, the subset P(V) C P consisting of lines lying
in V forms a submanifold, which can be identified with another projective space.
If W is another subspace with dimW = n —dimV +2 and dim(V NW) = 1, then
P(V) and P(W) will meet transversally at one point. In this case, P(V) -P(W) is
necessarily +1 (see the exercises).

Exercises

5.6.6. Show that if Y,Z C X are transverse complex submanifolds of a complex
manifold, then i,(Y,Z) = 1 for each p in the intersection. Thus Y - Z is the number
of points of intersection.

5.6.7. Check that fundamental classes of subtori of R /Z" are described as above.

5.6.8. Let T =R?/Z? and let V,W C R? be distinct lines with rational slope. Show
that the images of V and W in T are transverse. Find an interpretation for their
intersection number.

5.7 Lefschetz Trace Formula

Let X be a compact n-dimensional oriented manifold witha C” map f : X — X. The
Lefschetz formula is a formula for the number of fixed points counted appropriately.
This needs to be explained. Let

Iy ={(x,f(x)) |x X},
A ={(xx)|[xeX},
be the graph of f and the diagonal respectively. These are both n-dimensional sub-

manifolds of X x X that intersect precisely at points (x,x) with x = f(x). We define
the “number of fixed points” as I'; - A. Since this number could be negative, we need
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to take this with a grain of salt. If these manifolds are transverse, we see that this
can be evaluated as the sum of local intersection numbers over fixed points,

D in(I3,4)

by Proposition 5.6.3. In particular, I’y - A is the true number of fixed points if each
local intersection number is +1.

Theorem 5.7.1. The number Iy - A is given by

L(f) = Y.(—1)Ptrace[f* : H’(X,R) — H”(X ,R)].
Iz

Proof. The proof will be based on the elementary observation that if F' is an endo-
morphism of a finite-dimensional vector space with basis {v;} and dual basis {v}},
then the matrix is given by (v; (F(v;))). Therefore

trace(F) = Y vi (F (v
i

For each p, choose a basis ¢,; of H”(X), and let a,, ; denote the dual basis trans-
ported to H"~?(X) under the Poincaré duality isomorphism H" 7 (X) = H?(X)*, so

that
*
/Xapj U o, = 5,']'.

Let m; : X x X — X denote the projections. Then by Kiinneth’s formula, {A,;; =
mop i Umsay itpijand {A) = (=1)""Prfa,; Unyay j} both give bases for
H"(X x X), Wthh are dual to this in the sense that

* —
/)(xxAp’i’j UAp i = 5(1),17) ('

Thus we can express
Al= ch,i,jAp,l}j'

The coefficients can be computed by integrating against the dual basis:

R — . o (1\PS.
CPJJ_/); pt,J /Apz,j /Xap’luap,j_( 1) 61]'

Therefore

[A]=Y(-1)""rioy; Ums oy, (5.7.1)
iLp
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Consequently,

nea=[ (4]

5

Iy

CVD W T
i

I
M

Il
~M =M

0 foisa,
(=1)" Ptrace[f* : H" ?(X,R) — H" P(X,R)]

™~

(f)- 0
Corollary 5.7.2. If L(f) # O, then f has a fixed point.
Proof. If IyNA =0, thenI;-A=0. O

Corollary 5.7.3. A - A is the Euler characteristic e(X).

Exercises

5.7.4. We say that two C* maps f,g : X — Y between manifolds are homotopic if
there exists a C* map h : X x R — Y such that f(x) = h(x,0) and g(x) = h(x,1).
Using Exercise 5.2.9, show that f* = ¢g* if f and g are homotopic. Conclude that g
has a fixed point if L(f) # 0.

5.7.5. Let v(x) be C* vector field on a compact manifold X. By the existence and
uniqueness theorem for ordinary differential equations, there is an € > 0 such that
for each x there is unique curve ¥ : [0,€] — X with %(0) = x and d%(¢) = v(%(t)).
Moreover, the map x — ¥(0) is a diffeomorphism from X to itself for every 6 < €.
Use this to show that v must have a zero if e(X) # 0.

5.7.6. Let A be a nonsingular z x n matrix. Then it acts on P"~! by [v] — [Av], and
the fixed points correspond to eigenvectors. Show that A is homotopic to the identity.
Use this to show that L(A) # 0, and therefore that A has an eigenvector. Deduce the
fundamental theorem of algebra from this.



Chapter 6
Riemann Surfaces

Riemann surfaces are the same thing as one-dimensional complex manifolds or
nonsingular complex curves. Although the basic concept goes back to Riemann, the
rigorous definition appears to be due to Weyl [122]. We already considered these
briefly in the first chapter. But now we are in a position to make a more thorough
study using the geometric and homological tools introduced in the intervening
chapters. Nevertheless, we will only scratch the surface of this rich subject. Further
details can be found in [5, 20, 49, 38] in addition to Weyl’s book.

6.1 Genus

The coarsest classification is topological. A Riemann surface can be regarded as a
manifold of real dimension 2. It has a canonical orientation: if we identify the real
tangent space at any point with the complex tangent space, then for any nonzero
vector v, we declare the ordered basis (v,iv) to be positively oriented. Let us now
forget the complex structure and consider the purely topological problem of classi-
fying these surfaces up to homeomorphism.

Given two connected 2-dimensional topological manifolds X and Y with points
x€ X andy €Y, we can form a new topological manifold X#Y', called the connected
sum. To construct this, choose open disks D C X and D, C Y. Then X#Y is obtained
by gluing X — D US! x [0,1]UY — D, appropriately. The homeomorphism class is
independent of the choices made. Figure 6.1 depicts the connected sum of two tori.

Theorem 6.1.1. A compact connected orientable 2-dimensional topological mani-
fold is classified, up to homeomorphism, by a nonnegative integer called the genus.
A genus-0 surface is homeomorphic to the 2-sphere S*. A manifold of genus g > 0
is homeomorphic to a connected sum of the 2-torus and a surface of genus g — 1.

Proof. An equivalent formulation is that every such manifold is homeomorphic to
a sphere with g handles. A classical reference for this is [99, p. 145]. a

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 117
DOI 10.1007/978-1-4614-1809-2_6, © Springer Science+Business Media, LLC 2012
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Fig. 6.1 Genus-2 surface.

There is another standard model for these surfaces [99] that is also quite useful
(for instance for computing the fundamental group). A genus-g surface can be con-
structed by gluing the sides of a 2g-gon. It is probably easier to visualize this in
reverse. After cutting the genus-2 surface of Figure 6.1 along the indicated curves,
it can be opened up to an octagon (see Figure 6.2).

Fig. 6.2 Genus-2 surface cut open.

The topological Euler characteristic of the space X is
e(X)=Y(-1)"dim H'(X,R).
From Exercise 4.5.5, we have the following lemma:

Lemma 6.1.2. If X is a union of two open sets U and V, then e(X) = e(U) +e(V) —
e(UNV).

Corollary 6.1.3. If X is a manifold of genus g, then e(X) = 2 —2g, and the first Betti
number is given by dimH' (X ,R) = 2g.

Proof. This will be left for the exercises. a

When g = 2, this gives dimH'(X,R) = 4. We can find explicit generators by
taking the fundamental classes of the curves a;,a;,b1,b; in Figure 6.1, after choos-
ing orientations. To see that these generate, H'(X,R), it suffices to prove that they
are linearly independent. For this, consider the pairing

(@)~ [ anp
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on H'(X,R). This restricts to the intersection pairing on fundamental classes. After
orienting the curves suitably, their intersection matrix is

0 010
0 001
-1 000])’
0 —-100

and this shows independence. A similar basis with intersection matrix

01
(%)
can be found for any g. These basis vectors will generate a lattice inside H'!(X,R)
that can be identified with H' (X, 7).
To answer the obvious question, we show that every genus occurs by direct
construction. A much harder question is, what does a typical genus g look like?
Many examples of compact Riemann surfaces can be given explicitly as nonsingu-

lar projective algebraic curves, and we start with this approach. Later, we will see
that all compact Riemann surfaces arise in this way.

Example 6.1.4. Let f(x,y,z) be a homogeneous polynomial of degree d. Suppose
that the partials of f have no common zeros in C3 except (0,0,0). Then the curve
V(f) = {f(x,y,.z) = 0} in PZ is nonsingular. We will see later that the genus is
(d_l)z(d_z). In particular, not every genus occurs for these examples.

Example 6.1.5. Given a collection of homogeneous polynomials f; € Clxo,...,xy]
such that X =V (fi, f2,...) C P{. is a nonsingular algebraic curve, then X will be a
complex submanifold of P¢, and hence a Riemann surface. By a generic projection
argument, n = 3 suffices to give all such examples.

Example 6.1.6. Choose 2g + 2 distinct points in a; € C. Consider the affine curve
C C C? defined by
¥ = [T(x—ai).

We can compactify this to obtain a nonsingular projective curve C by taking the
projective closure and normalizing. Here is an alternative description of the same
curve. Consider the affine curve C;:

Y2 =TJ(1—aX).

Glue this to C; by identifying X = x~! and ¥ = yx~¢~!. Since C is nonsingular,
it can be viewed as a Riemann surface. By construction, C comes equipped with a
morphism f: C — IP’&: that is 2-to-1 except at the branch points {a;}. In the exercises,
it will be shown that the genus of X is g. Curves of this form are called hyperelliptic
(if g > 1), and they are very nice to work with. However, “most” curves are not
hyperelliptic.
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From a more analytic point of view, we can construct many examples as quotients
of C or the upper half-plane. In fact, the uniformization theorem [38] tells us that all
examples other than P! arise in this way.

Example 6.1.7. Let L C C be a lattice, i.e., an abelian subgroup generated by
two R-linearly independent numbers. The quotient £ = C/L can be made into a
Riemann surface (Exercise 2.2.20) called an elliptic curve. Since this is topologi-
cally a torus, the genus is 1. Conversely, any genus-1 curve is of this form.

The surface E = C/L can be realized as an algebraic curve in a couple of ways.
As we saw in the first chapter, we can embed it into P2 as the cubic curve

2 =48 —g(L)xz” — g3(L)2 (6.1.1)

by z+ [#(z),47(2),1]. Alternatively, & : E — P! realizes this directly as a two-
sheeted cover branched at four points. We can assume without loss of generality
that these are 0, 1,c0,7. Then E is given by Legendre’s equation

¥z =x(x—2z)(x —12). 6.1.2)

Let us now consider quotients of the upper half-plane H = {z|Im(z) > 0}. The
group SL(R) acts on H by fractional linear transformations:

az+b
7 .
cz+d

Note that —/ acts trivially, so the action factors through PSL,(R) = SL,(R) /{£1}.
The action of subgroup I' C SL,(RR) on H is properly discontinuous if every point
has a neighborhood V' such that yV NV # 0 for all but finitely many y € I". A point
x €V is called a fixed point if its stabilizer in I'/{=£I} is nontrivial. The action is
free if it has no fixed points.

Proposition 6.1.8. If I" acts properly discontinuously on H, the quotient X = H/I"
becomes a Riemann surface. If © : H — X denotes the projection, the structure sheaf
is defined by f € Ox(U) ifand only if for € Og(n~'U).

When I acts freely with compact quotient, then it has genus g > 1. The quickest
way to see this is by applying the Gauss—Bonnet theorem [56], which says that
e(H/I') = 2 —2g can be computed by integrating the Gaussian curvature for any
Riemannian metric. The hyperbolic metric on H, which descends to the quotient,
has negative curvature. A fundamental domain for this action is a region R C H such
that UyYR = H and such that two translates of R can meet only at their boundaries.
The fundamental domain in this case can be chosen to be the interior of a geodesic
2g-gon.

The modular group SL;(Z) is a particularly important example where the action
is not free.

Theorem 6.1.9. The quotient H /SLy(Z) is isomorphic to C, and its points corres-
pond to isomorphism classes of elliptic curves (which are genus-one curves with a
distinguished point).
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Proof. We sketch the idea. The details can be found in [32, 106] or [103]. A funda-
mental domain for the action is given in Figure 6.3. The marked points in the
diagram are p = ¢*™/3 i, and p + 1.

fixed points

Fig. 6.3 Fundamental domain of SL,(Z).

After identifying the sides of the domain by the transformations

0—-1 11
(o) )
as indicated in the diagram, one sees that that the quotient H/SL;(Z) is homeo-
morphic to C. By the Riemann mapping theorem, H /SL;(Z) is isomorphic to either
Cor H. To see that it is C, we show that the one-point compactification H /SLy(Z) U
{} can also be made into a Riemann surface, necessarily isomorphic to P!. Any
continuous function f defined in a neighborhood of * can be pulled back to an

SL,(Z)-invariant function f on H. Invariance under T implies that f is periodic;
hence it can be expanded in a Fourier series

f(Z): i an627rinz.

N=—oc0

We declare f to be holomorphic if all the a, are zero for n < 0. To put this another
way, g = e*™ is taken as a local analytic coordinate at *.
The relation to elliptic curves is given in the exercises. a

Exercises

6.1.10. Prove Corollary 6.1.3.
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6.1.11. Check that the genus of the hyperelliptic curve constructed above is g, either
by triangulating in such way that the {a;} are included in the set of vertices or by
applying Lemma 6.1.2 directly to a suitable open cover.

6.1.12. Let g(x,y,z) be a homogeneous polynomial of degree d such that its partials
have no common zeros. Let fy(x,y,z) be a product of d linear polynomials, and let
Ji(x,y,2) = fo+1tg. The variety V(fp) is a union of lines L;, and let X = V (f;) for
small ¢. Choose small closed balls B;; around each crossing point. Show that B;; N X
is diffeomorphic to the cylinder S' x [0,1].

6.1.13. Continuing the notation from the previous exercise, the complements
X — UB;j and V(fy) — UB;j can be seen to be diffeomorphic using a version of
Ehressman’s Theorem 13.1.3. Granting this, we obtain the following topological
model for X. Take d copies Li,...,Ly of §, remove d — 1 disjoint disks D; ; from
each L;, and join L; to L; by gluing a cylinder from dD; j to dD; ; to get X. Use this
to verify that its genus is (d — 1)(d —2)/2.

6.1.14. Fix 7,7 € H. Check that the following are equivalent:

(a) The elliptic curves C/Z+ Z1 and C/Z + 77" are isomorphic, i.e., there exists a
holomorphic bijection preserving 0 and taking Z + Z7t to Z + Z7'.
(b) There exists A € C* such that A(Z+ Zt) = Z+ Z7'.

()
,  at+b

T =
cT+d

. ab
with (c d) € SL,(Z).

6.2 d-Cohomology

Let U C C be an open set. Let x and y be real coordinates on C, and 7 = x+iy. Given
a complex-valued C* function f : U — C, let

af 1 (8f_i8f>

dz 2\ dx 9y
of _1(9f ,,0f
0z 2\ax oy )

With this notation, the Cauchy—Riemann equation is simply %Z = 0. Define the
complex-valued 1-forms dz = dx+idy and dz = dx — idy. With this notation, we can
formulate Cauchy’s formula for C* functions.
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Theorem 6.2.1. Let D C C be a disk. If f € C*(D), then

1 (@) 1 /8f(z) dzNdZ
1) = g [y Dbz o [ 700
Proof. This follows from Stokes’s theorem; see [49, pp. 2-3]. 0

The following is an analogue of the Poincaré lemma for 9.
Theorem 6.2.2. Let D C C be an open disk. Given f € C(D), the function g €
C=(D) given by
1 f(z) -
= dzNd
(&)=, . o ¢ BN
satisfies §§ = f.

Proof. Decompose f(z) = fi(z) + f2(z) into a sum of C* functions, where f(z) =
f(z) in a small neighborhood of zg € D and vanishes near the boundary of D. In parti-
cular, f> is zero in a neighborhood of zy. Let g; and g; be the functions obtained by
substituting f| and f; for f in the integral of the theorem. Differentiating under the
integral sign yields

aggé@ - 21:1/[,;5 (f_@) dzNd7 = 2;/1)61 (fi(f)gz> o

for ¢ close to zg. Since f is compactly supported,

g1(8) = L [46)

= dz N dz.
omiJoz— ¢ N

Then doing a change of variables w = z — { yields
L filw+0) _
= d d .
§1(8)=, . /C L, | AwAdW

Thus for ¢ close to zg,

9g(£) _ 1)
¢ ¢
1 /8f1(w+C) dw A dw
T 2miJe Pl4 w
1 /8f1(z) dzANdZ
~2niJp 97 —(°

Since f vanishes on the boundary, the last integral equals fi({) = f({) by
Cauchy’s formula in Theorem 6.2.1. a

In order to make it easier to globalize the above operators to Riemann surfaces,
we reinterpret them in terms of differential forms. Let C*(U) and &°*(U) denote
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the space of complex-valued C* functions and forms on U C C (we will continue
this convention from now on). The exterior derivative extends to a C-linear operator
between these spaces. Set

af = gfdz,
a; 6.2.1)
af = aza?Z
We extend this to 1-forms by
. df _
a(fdz) = 8de/\dZ’
d(fdz) =0,
(6.2.2)
éud)——afd-Ad
?) = gpdendz,
d(fdz) = 0.

A 1-form a = fdz with f holomorphic is holomorphic. This is equivalent to the
condition d o = 0. The following identities can be easily verified:

d=0+09,
92 =0%=0, (6.2.3)
99 +9dd =0.

Let X be a Riemann surface with &x and Q)l( its sheaves of holomorphic
functions and holomorphic 1-forms respectively. We write Cx and &y for the
sheaves of complex-valued C* functions and n-forms for n = 1,2. We define a

Cx -submodule é@gho) C & (respectively é’)go’l) C &), by éa)gl’o)(U) =C*(U)dz
(respectively éjgo’l) (U) = C*(U)dz) for any coordinate neighborhood U with holo-
morphic coordinate z. We have a decomposition

& =6" e

We set é@ghl) = &%, since this is locally generated by dz A dZ.

Lemma 6.2.3. There exist C-linear maps 0,0 on the sheaves &y that coincide with
the previous expressions (6.2.1) and (6.2.2) in local coordinates.

It follows that the identities (6.2.3) hold globally. We have inclusions Oy C Cy
and Q) C é}gl’o).
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Lemma 6.2.4. The sequences of sheaves

0.1)

0—>ﬁ’x—>C§°i><§3£ — 0,

1.0) i) éa)gl’l) —0

0—Qf — é}g
are acyclic resolutions.

Proof. The exactness can be checked on a disk, where it follows from

Theorem 6.2.2. The sheaves Cy, &y are C*-modules and hence soft. O
Corollary 6.2.5.
0N (x
Hl(XaﬁX)_ 3 ( )a
dC=(X)
I (x
mah=" 0 X
déy T (X)
and ' '
H(X,0x)=H'(X,Q2})=0
ifi>1.

Next, we give a holomorphic analogue of the de Rham complex.

Proposition 6.2.6. There is an exact sequence of sheaves

()—>(Cx—>ﬁ’xi>£2}(—>0.

Proof. The only nontrivial part of the assertion is that Ox — Q)l( is an epimorphism.
We can check this by replacing X by a disk D. A holomorphic 1-form & on D is
automatically closed; therefore oc = df by the usual Poincaré lemma. Since df is
holomorphic, d f = 0. Therefore f is holomorphic. O

Corollary 6.2.7. There is a long exact sequence
0—H°X,C) - H(X,0x) — H'(X,Q}) - H'(X,C) — ---.
Holomorphic 1-forms are closed, and
H'(X,Q})— H'(X,C) (6.2.4)

is the map that sends a holomorphic form to its class in (complex-valued) de Rham
cohomology.

Lemma 6.2.8. When X is compact and connected, the map (6.2.4) is an injection.
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Proof. Since global holomorphic functions on X are constant (Proposition 2.7.2),
H°(X,C) — H°(X, Ox)

is surjective. O

We will postpone the proof of the following proposition to Section 9.1.

Proposition 6.2.9. The dimensions of H*(X,Q)) and H' (X, Ox) both coincide with
the genus.

Corollary 6.2.10. H' (X,Q}) =~ C.
Proof. The proposition implies that the map
H'(X,C) — H' (X, 0%)

is surjective, and therefore that H' (X, Q}) is isomorphic to H*(X,C) = C. O

Exercises

6.2.11. Check the identities (6.2.3). Show that a form f(z)dz is closed if and only if
it is holomorphic.

6.2.12. Let V be a vector space with a nondegenerate skew-symmetric pairing (, ).
A subspace W C V is called isotropic if (w,w') = 0 for all w,w’ € W. Prove that
dimW < dimV/2 if W is isotropic. Let X be a compact Riemann surface of genus
g. Show that H%(X,Q}) is isotropic for the pairing [ o A 8. Use this to conclude
that dim H(X,Q}) <g.

6.2.13. Show that the differentials x'dx/y, with 0 < i < g, are holomorphic on the
hyperelliptic curve in Example 6.1.6. Conclude directly that H%(X Q)l() = g in this
case.

6.3 Projective Embeddings

Fix a compact Riemann surface X. We introduce some standard shorthand: 4 =
dim H' and wy = Q. We will follow standard practice of referring to locally free
Ox-modules of rank one as “line bundles.” (As we will see, there is a one-to-one
correspondence, so this not unreasonable.)

Definition 6.3.1. A divisor D on X is a finite integer linear combination Y,n;p;,
where p; € X. It is effective if all the coefficients are nonnegative. The degree deg D
is equal to Y, n;.
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Divisors form an abelian group Div(X) in the obvious way. For every mero-
morphic function defined in a neighborhood of p € X, let ord,(f) be the order
of vanishing (or minus the order of the pole) of f at p. If D is a divisor, define
ord,(D) to be the coefficient of p in D (or O if p is absent). Define the sheaf
Ox (D) by

Ox(D)(U) ={f : U — CU{eo} meromorphic | ord,(f)+ord,(D) > 0,Vp € U}.

Lemma 6.3.2.

(a) Ox(D) is a line bundle.
(b) Ox(D+D') = O0x(D)® Ox(D').

Proof. Let z be alocal coordinate defined in a neighborhood U. Let D = Y n;p; +E,
where p; € U and E is a sum of points not in U. Then it can be checked that

1

X DIV = OxU) iy (o oy

and this is free of rank one. If D’ = Y n}p; + E’ is a second divisor, then

! 1, =0(D+D)(U) O

[0(D)® 6(D)|(U) = 0x(U) (2= i)™ (2= py) -

In terminology to be discussed later, this says that D — Ox(D) is a homo-
morphism from Div(X) to Pic(X). If D is effective, O(—D) is a sheaf of ideals.
In particular, O (—p) is exactly the maximal ideal sheaf at p. We have an exact
sequence

0— Ox(—p)— O0x - C,—0, (6.3.1)

C, W) C ifpeU,
g o otherwise,

where

is a so-called skyscraper sheaf. Observe that C, ® . =2 C,, for any line bundle .Z.
Therefore tensoring (6.3.1) by Ox (D) yields

0— Ox(D—p)— Ox(D) —C,—0. (6.3.2)
In the same way, we get a sequence

0— wx(D—p)— wx(D)—C, -0, (6.3.3)
where oy (D) = wy ® Ox (D).

Lemma 6.3.3. For all D, H (X, 0x (D)) and H (X, wx (D)) are finite-dimensional
fori=0,1, and zero if i > 1.
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Proof. We prove this for Ox (D), since the argument for wx (D) is the same. Let
D =Y npp. The proof goes by induction on d =¥, |n,|. The initial case D = 0 follows
from Propositions 2.7.2, 6.2.9 and Corollary 6.2.5.

Observe that C, is flasque, and thus has no higher cohomology. The exact
sequence (6.3.2) yields

0 — H(Ox (D —p)) — H(6x(D)) — C— H'(6x (D~ p)) — H'(0x(D)) — 0

and isomorphisms ' A
H'(0x(D —p)) = H'(0x (D))

fori > 1. By adding or subtracting a point, we can drop d by one, and use induction.
O

A meromorphic 1-form is a holomorphic form on the complement of a finite set
S such that it has finite-order poles at the points of S. The residue of a meromorphic
1-form o at p is

1
resp(o) = Zni/ca’

where C is any loop “going once counterclockwise” around p and containing no
singularities other than p. Alternatively, if o = f(z)dz locally for some local coor-
dinate z at p, res, (o) is the coefficient of l in the Laurent expansion of f(z).

Lemma 6.3.4 (Residue theorem). If o is a meromorphic 1-form, the sum of its
residues is 0.

Proof. Let{pi,...,p,} denote the set of singular points of ¢. For each i, choose an
open disk D; containing p; and no other singularity. Then by Stokes’s theorem,

1
o= doa=0. a
Y res), i /X_UDl

Theorem 6.3.5. Suppose that D is a nonzero effective divisor. Then

(a) (Kodaira vanishing) H' (wx (D)) = 0.
(b) (Weak Riemann—Roch) h°(wx (D)) = degD + g — 1.

Proof. This can be proved by induction on the degree of D. We carry out the initial
step here; the rest is left as an exercise. Suppose D = p. Then H°(wyx (p)) consists of
the space of meromorphic 1-forms o with at worst a simple pole at p and no other
singularities. The residue theorem implies that such an o must be holomorphic.
Therefore H(wyx(p)) = H’(wx). Therefore h°(wy(p)) = g as predicted by (b).
By the long exact sequence of cohomology groups associated to (6.3.3), we have

0—C— H'(wy) — H'(0x(p)) — 0.

Since the space in the middle is one-dimensional by Corollary 6.2.10,
H'(wx(p)) =0. O
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Corollary 6.3.6. There exists a divisor K (called a canonical divisor) such that
wx = Ox(K). If g > 0, then K can be chosen to be effective.

Proof. Given a meromorphic 1-form ¢, locally o = fdz, we define ord,(ct) =
ord,(f) (this is independent of the coordinate z). A section of H’(wy (D)) can be
interpreted as a meromorphic form a, so that ord,c + ord,D > 0 for all p € X.
Therefore, we may choose D so that H%(wy (D)) possesses a nonzero section c.
Then

K=(0)—D=Y ordy(at)p—D

satisfies the required properties. a
The degree of K is given by the following proposition:
Proposition 6.3.7. For any canonical divisor, degK =2g — 2.

The proof will be given in the exercises.

We say that a line bundle . on X is globally generated if for any point x € X,
there exists a section f € H(X,.%) such that f(x) # 0. Suppose that this is the case.
Choose a basis fy, ..., fy for H(X,.Z). If we fix an isomorphism 7 : 2|y = Oy,
then 7(f;) are holomorphic functions on U. Thus we get a holomorphic map U —
CN*1 given by x+— (7(f;(x))). By our assumption, the image lies in the complement
of 0, and thus descends to a map to projective space. The image is independent of
7, and hence we get a well-defined holomorphic map

¢31X—>]P)N.

This map has the property that ¢, Opn (1) = L. The line bundle .Z is called very
ample if ¢ is a closed immersion, that is, if it is an isomorphism onto ¢ (X).

Proposition 6.3.8. A sufficient condition for £ to be globally generated is that
H'(X,Z(—p)) =0 for all p € X. A sufficient condition for £ to be very ample
is that H' (X, Z(—p—q)) =0 forall p,q € X.

Proof. We have an exact sequence
0—-Z(-p)—<Z—C,—0.

Then H'(#(—p)) = 0 implies that H°(.%) surjects onto H(C,,). This implies that
% has a global section that is nonzero at p.

To show that ¢ (X) is a closed immersion, we need to check that it is injective
and injective on tangent spaces. When p # ¢, the assumption H'(Z(—p —¢)) =0
would imply that H°(.#) surjects onto H°(C, & C,). Therefore . has sections
vanishing at p but not g and at g but not p. This shows that ¢« is injective. If p = ¢,
then we see that H%(.%) surjects onto H%(0,/ mlz,) Therefore there is a section f;
with nonzero image in m,,/ m127 =T, = C. After identifying f; with a function, this
just means that f/(p) # 0. Thus the derivative of ¢ at p is nonzero, and hence
injective. a
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Corollary 6.3.9. wx (D) is very ample if D is nonzero and effective with
degD > 2. In particular, any compact Riemann surface can be embedded into a
projective space.

We will use this much later on (Corollary 15.4.5) to prove that every compact
Riemann surface is a nonsingular projective algebraic curve.

Exercises

6.3.10. Finish the proof of Theorem 6.3.5 by writing D = p + D’ and applying
(6.3.3).

6.3.11. A divisor is called principal if it is given by (f) = Yord,(f)p for some
nonzero meromorphic function f. Prove that a principal divisor has degree O.
Conclude that any two canonical divisors have the same degree.

6.3.12. Prove Proposition 6.3.7 by checking it for P!, and then showing that it
behaves like Riemann-Hurwitz for a branched covering f : X — P!,

6.3.13. Suppose that X is a compact Riemann surface. Prove that H' (X, Ox (—p)) =
H'(X,0x) forany p € X.

6.3.14. Using the previous exercise, show that H'(X,0(q — p)) = 0 for any p,q
if X has genus 0. Then conclude that Ox(g) is globally generated. Show that the
corresponding map X — P! is an isomorphism.

6.3.15. The Euler characteristic is given by y(Ox (D)) = dimH(X,0x (D)) —
dimH' (X, Ox(D)). Show that x(&(D + p)) = x(€(D)) + 1.

6.3.16. We stated a version of the Riemann—Roch theorem above. The actual theo-
rem says that for any divisor D on a genus-g compact Riemann surface, y (Ox (D)) =
degD + 1 — g. Prove this by induction.

6.4 Function Fields and Automorphisms

Fix a smooth projective curve X over C. By the results of the previous section, all
compact Riemann surfaces are of this form. The function field C(X) is the field of
rational functions on X, or equivalently, by Exercise 15.4.7, the field of meromor-
phic functions on it. Since C(X) = C(U) for any affine open set, we can see that
this field is a finitely generated extension of C with transcendence degree one. Let
us refer to such fields as function fields. We claim, conversely, that any such field F
arises in this way. We can write F’ as an algebraic extension of C(x). By the primitive
element theorem [76], it is necessarily obtained by adjoining one element, say y, sat-
isfying a polynomial f € C(x)][t]. After clearing denominators, we have f(x,y) =0
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with f € Clx,t]. Thus F is the function field of the curve V(f). After replacing this
by the normalization of its projective closure, we see that F' is the function field of a
smooth projective curve. A more refined argument yields the following equivalence:

Theorem 6.4.1. There is an antiequivalence between the category of smooth pro-
Jective curves and surjective morphisms, and the category of function fields and
inclusions.

Recall that two categories are (anti-)equivalent if there is a (contravariant) functor
inducing an isomorphism of Hom’s and if every object in the target is isomorphic to
an object in the image.

Proof. The details can be found in [60, I, 6.12], but it is worth understanding some
key steps. A point of a smooth projective curve X gives a discrete valuation v =
ord, : C(X)* — Z, which means that it satisfies

L v(fg) =v(f)+v(g).
2. v(f+g) > min(v(f),v(g)).

In fact, any surjective discrete valuation is of this form for a unique p. Thus we can
recover the points from the function field. To see that an inclusion C(Y) C C(X)
of fields corresponds to a map f : X — Y, we can proceed as follows. A surjective
discrete valuation v on C(X) yields a discrete valuation on the subfield by restriction.
This can be made surjective by rescaling it to V' = lv|¢;(y)* for a unique integer e > 0.
Then v +— V' determines a set-theoretic map X — Y, which can be checked to be a
morphism. a

Corollary 6.4.2 (Liiroth’s theorem). Any subfield of C(x) properly containing C
is abstractly isomorphic to C(x).

Proof. Let L C C(x) be such a field. It is necessarily a function field. Therefore L
is the function field of some curve Y, and the inclusion corresponds to a surjective
morphism f : P! — Y. The following lemma implies that ¥ has genus 0, and is
therefore isomorphic to P! by Exercise 6.3.14. O

Lemma 6.4.3.If f : X — Y is a surjective holomorphic map between compact
Riemann surfaces, then the genus of Y is less than or equal to the genus of X.

Proof. If o is a nonzero holomorphic 1-formon Y, f*a is easily seen to be nonzero.
Therefore, there is an injection HO(Y,Q}) — HO(X,Q}). O

The set of holomorphic automorphisms of a compact Riemann surface X forms
a group Aut(X), which can be identified with the group of automorphisms of C(X)
fixing C. For X = P!, this group is infinite, since it contains (and is in fact equal
to) PGL,(C). Likewise, for an elliptic curve X = C/L, Aut(X) is infinite, since it
contains translations. For curves of larger genus, we have the following result.

Theorem 6.4.4 (Hurwitz). If X is a compact Riemann surface of genus g > 2, Then
Aut(X) is a finite group of cardinality at most 84(g —1).
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We want to sketch a proof of the finiteness part, since it gives a nice application
of the ideas developed so far. Given an automorphism f : X — X, let Iy C X x X
be its graph. The Lefschetz trace formula, Theorem 5.7.1, computes the intersection
number of I'; and the diagonal as an alternating sum of traces of the induced maps
f*:H'(X,R) — H'(X,R). For i = 0,2, these maps are easily seen to be the identity;
thus
I}-A=2—trace[f* : H'(X,R) — H'(X,R)].

Lemma 6.4.5. If f is different from the identity, then Iy - A > 0.

Proof. The point here is that I’y - A can be computed as a sum of intersection
numbers. These are necessarily nonnegative, as we will see in Section 11.2. For the
special case of transversal intersections, this was discussed already in Section 5.6
and its exercises. O

Corollary 6.4.6. If X has genus g > 2, then f is the identity if and only if f* :
H'(X,R) — H'(X,R) is the identity.

Proof. 1If f* is the identity, then I'y - A < 0. The other direction is clear. ]
We are now ready to sketch the proof of the finiteness statement of Theorem 6.4.4.

Proof. The previous corollary implies that there is an injective homomorphism
Aut(X) — Aut(H'(X,R)), and it suffices to prove that the image is finite. We do
this by proving that the group is both compact and discrete. For discreteness we
note that for any automorphism, f* preserves the lattice H' (X,7Z). After choosing
a basis lying in H'(X,Z), this amounts to asserting that Aut(X) lies in GLy4(Z),
which is certainly a discrete subgroup of GLog(R).

The automorphisms f* preserves the Hermitian pairing

(.B) = [ anp

on H'(X,R). This pairing will be shown to be positive definite in the exercises of
Section 9.1. Therefore Aut(X) lies in the corresponding unitary group, which is
compact. O

Exercises

6.4.7. Prove that Aut(P') = Autc(C(x)) = PGL,(C) acting by Mabius transfor-
mations x — f;‘ig

6.4.8. Classify the discrete valuations on C(x) and show that they are all of the form
e-ord, for a unique e € {1,2,3,...} and p € P!. (Hint: first show that any discrete
valuation on C is zero.)
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6.4.9. If X is as in Hurwitz’s theorem with G = Aut(X), then ¥ = X /G can be made
into a compact Riemann surface of genus say 4. At the level of function fields,
C(Y) = C(X)C. A special case of Riemann—Hurwitz’s formula gives

2¢ —2=G|(2h—2) + Y (|stab(x)| — 1),

where stab(x) is the stabilizer of x. Assuming this, show that (2g —2)/|G| > 1/42,
and thus complete the proof of the theorem.

6.4.10. Given a finite group G, construct a compact Riemann surface X with G C
Aut(X). (It is enough to do this for the symmetric group.)

6.5 Modular Forms and Curves

Let I' C SL,(R) be a subgroup acting properly discontinuously on H such that
H/T is compact. Let k be a positive integer. An automorphic form of weight 2k is a
holomorphic function f : H — C on the upper half-plane satisfying

f(2) = (cz+d)*f ( (6.5.1)

ab
() er.

Choose a weight-2k automorphic form f. Then f(z)(dz)®* is invariant under the
group precisely when f is automorphic of weight 2k. Let us suppose that the group
I’ = I'/{%I} acts freely. Then the quotient X = H/I" is a Riemann surface, and
an automorphic form of weight 2k descends to a section of the sheaf w;?k. We can
apply Theorem 6.3.5 to calculate the dimensions of these spaces.

az+b
cz+d

for each

Proposition 6.5.1. Suppose that T acts freely on H and that the quotient X = H /T’
is compact of genus g. Then the dimension of the space of automorphic forms of
weight 2k is

g ifk=1,
{(8—1)(2k—1)ifk>1.

Proof. When k = 1, this is clear. When k£ > 1, we have
(%) = i’ (w((k—1)K)) = (k—1)(degK)+g—1= (2k—1)(g—1). O

The above conditions are a bit too stringent, since they exclude some of the most
interesting examples such as the modular group SL;(Z) and its finite-index sub-
groups such as the nth principal congruence group
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ab
F(n):{(cd>GSLz(Z)|a—1:d—1=b:c=O modn}.

The quotient H/SL,(Z) can be identified with C, as we saw. The natural
compactification ]P’é: can be constructed as a quotient as follows: H corresponds to
the upper hemisphere of Pé: =52, and RU {eo} corresponds to the equator. We take
H and add rational points on the boundary H* = HUQ U {e}. These are called
cusps. Then SL;,(Z) acts on H*. The cusps form a single orbit, so we may iden-
tify H*/SL,(7Z) = P! by sending this orbit to the point at infinity in P'. We can
define a topology on H* by pulling back the open sets under the quotient map
7 : H* — P! This makes 7 continuous. It follows that H*/I" is a topological space
with a continuous projection to P! for any subgroup I C SL,(Z). In fact, somewhat
more is true.

Theorem 6.5.2. Given a finite-index subgroup I C SL,(Z), H*/I" can be made
into a compact Riemann surface, called a modular curve, such that H*|/I" —
H* /SL,(Z) = P! is holomorphic.

Proof. See [32, §2.4]. O

Modular curves are of fundamental importance in number theory. A more
immediate application is the construction of Riemann surfaces with large auto-
morphism groups. When I is normal, then PSL,(Z)/I" lies in Aut(H*/T") and
H*/I" — H* /SLy(Z) is the quotient map. This is discussed further in the exercises.

A modular form of weight 2k for I' C SL,(Z) is a holomorphic function f :
H — C satistying (6.5.1) and certain growth conditions that force it to correspond
to a holomorphic (or possibly meromorphic) object on H*/I". For example, the

Eisenstein series 1

(m+nz)?

Gu(z) = >

(m,n)€Z2—-{(0,0)}

are modular of weight 2k for SL,(Z) if k > 1. Their significance for elliptic curves
is that g» = 60G4(7), g3 = 140G¢(7) give coefficients of the Weierstrass equation
(6.1.1) for the lattice Z + 7.

As we saw, the points of the quotient H/SL;(Z) correspond to isomorphism
classes of elliptic curves. More generally, the points of the quotient H/I"(n) corre-
spond to elliptic curves with some extra structure. Let us spell this out for n = 2.
An elliptic curve is an abelian group, and a level-two structure is a minimal set of
generators for its subgroup of 2-torsion elements.

Proposition 6.5.3. There is a bijection between

(a) The points of H/T (2).
(b) The set of elliptic curves with level-two structure.
(c) P! —{0,1,c0}.

Proof. Given T € H, we get an elliptic curve E; = C/(Z + Z7) with the level-two
structure (1/2,7/2) mod Z+Zt. If 7’ lies in the orbit of 7 under I"(2), then there is
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an isomorphism E; 2 Ep taking (1/2,7/2) modZ +Z7 to (1/2,7'/2) mod Z +
Z7'. Furthermore, any elliptic curve is isomorphic to an Er, and the isomorphism
can be chosen so that a given level-two structure goes over to the standard one.
Thus H/T(2) classifies elliptic curves with level-two structure as claimed. We can
describe the set of such curves in another way. Given an elliptic curve E defined
by Legendre’s equation (6.1.2), with ¢ € P! — {0, 1,0}, the ramification points (the
points on E lying over 0, 1,c0,7) are precisely the 2-torsion points. We can take
the ramification point at e to be the origin, and then any other pair of branch points
determines a level-two structure. Conversely, given an elliptic curve E, with origin o
and a level-two structure (p, ), we have h°( 0% (20)) = 2. This means that there is a
meromorphic function f : E — IF’}C with a double pole at o. It is not hard to see that f
is ramified precisely at the 2-torsion points o, p, q, p+ g (+ refers to the group law on
E). By composing f with a (unique) automorphism of I%, we can put £ in Legendre
form such that f is projection to the x-axis, and f(0) = oo, f(p) =t € P! —{0, 1,0},
f(g) =0, f(p+q) = 1. Thus H/I'(2) is isomorphic to P! — {0, 1,c0}. O

We note that I'(2)/{£I} acts freely on H, and the quotient is isomorphic to
P! — {0, 1,0} as a Riemann surface. A nice application of this to complex analysis
is given in the following theorem:

Theorem 6.5.4 (Picard’s little theorem). An entire function omitting two or more
points must be constant.

Proof. The universal cover of P! — {0,1,00} is H, which is isomorphic to the unit
disk D. Let f be an entire function omitting two points, which we can assume are
0 and 1. Then f lifts to a holomorphic map C — D that is bounded and therefore
constant by Liouville’s theorem [1]. O

Exercises

Let p be an odd prime in the following exercises.

6.5.5. Show that the stabilizers of the action of PSL,(Z) on points of H are trivial
unless they lie in the orbit of i or p = ¢*™/3 in which case they are cyclic of order
2 and 3 respectively. (Hint: refer back to the fundamental domain in Figure 6.3.)

6.5.6. If I' C PSL»(Z) is a finite-index normal subgroup, show that 7 : H*/T" —

H*/SL,(Z) L P! is a Galois cover with Galois group G = PSL,(Z)/T". Show that
the branch points of 7 are the images (i), j(p),o in P

6.5.7. Show that |PSL,(Z/pZ)| =" 32_ P = d,,. Check that the order of the stabilizers
of the PSL,(Z/pZ)-action on H*/T"(p) at points lying over j(i), j(p),co are 2,3,
and p respectively.
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6.5.8. Use the Riemann—Hurwitz formula (as stated in Exercise 6.4.9) to calculate
that the genus of H* /T"(p) is

ay(p—6)

~1
=11 ",

Show that Hurwitz’s bound is attained with this example when p = 7.



Chapter 7
Simplicial Methods

In this chapter, we introduce simplicial methods that can be used to give concrete
realizations for many of the cohomology theories encountered so far. We start with
simplicial (co)homology, which is historically the first such theory. It is highly com-
putable, at least in principle, but it suffers the disadvantage of depending on a trian-
gulation. This can be overcome by working with singular (co)homology, which we
briefly discuss, since it is the standard approach in topology. Fortunately, for reason-
able spaces singular cohomology coincides with sheaf cohomology with constant
coefficients. So all is well.

Simplicial cohomology also provides a model for Cech cohomology for arbi-
trary sheaves, which is dealt with later in this chapter. Cech cohomology coincides
with sheaf cohomology in good cases, and for many problems is a more convenient
theory to work with. In particular, it will be used for many of the computations
done later on. Since it is quite concrete, Cech theory is often given a primary role in
many expositions of sheaf theory. Nevertheless, as we shall see, it is not without its
drawbacks.

7.1 Simplicial and Singular Cohomology

A systematic development of the ideas in this section can be found in Hatcher [61]
or Spanier [108]. The standard n-simplex is

A" = {(tlw-'athrl) ER’1+1|ZE: 1,[,'20}.

The ith face A} is the intersection of A” with the hyperplane 7; = 0 (see Figure 7.1).
Each face is homeomorphic to an (n — 1)-simplex, and this can be realized by an
explicit affine map &; : A"~ — Al'. In general, we refer to the intersection of A with

the linear space #; 1 = --- =t +1 = 0 as a face. The faces are labeled by nonempty
subsets of {0,...,n}.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 137
DOI 10.1007/978-1-4614-1809-2_7, © Springer Science+Business Media, LLC 2012
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Fig. 7.1 2-simplex.

Some fairly complicated topological spaces, called polyhedra or triangulable
spaces, can be built up by gluing simplices. It is known, although by no means
obvious, that manifolds and algebraic varieties (with classical topology) can be
triangulated. The combinatorics of the gluing is governed by a simplicial complex.

Definition 7.1.1. A simplicial complex (V,X) consists of a set V, called the set of
vertices, and a collection of finite nonempty subsets X of V containing all the single-
tons and closed under taking nonempty subsets.

We can construct a topological space |(V, X)| out of a simplicial complex roughly
as follows. To each maximal element S € X, choose an n-simplex A(S), where n+ 1
is the cardinality of S. Glue A(S) to A(S’) along the face labeled by SN’ whenever
this is nonempty. (When V is infinite, this gluing process requires some care; see
[108, Chapter 3].)

Let K = (V,X) be a simplicial complex, and assume that V is linearly ordered.
We will refer to an element of X as a n-simplex if it has cardinality n + 1. We define
an n-chain on a simplicial complex to be a finite formal integer linear combination
>iniA; where the A; are n-simplices. In other words, the set of n-chains C,(K) is
the free abelian group generated by the set of n-simplices of K. Given an abelian
group, let C,(K,A) = C,(K) ®zA. Dually, the set of n-cochains with values in A is
C"(K,A) =Hom(C,(K),A). In other words, an n-cochain is a function that assigns
an element of A to every n-simplex. One can think of an n-cochain as some sort of
combinatorial analogue of an n-form. As in integration theory, we need to worry
about orientations, and this is where the ordering comes in. An alternative, which is
probably more standard, is to use oriented simplices; the complexes one gets in this
way are bigger, but the resulting cohomology theory is the same.

We define the ith face of a simplex

Si({vo,.--,vn}) ={vo,...,Vi,...,vn},
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Vo < Vi < -+ < v,. (The notation X means omit x.) Given an n-chain C = YjajAj,
we define an (n — 1)-chain d(C), called the boundary of C, by

8(C) =X X (~1) a;8i(4)).

This operation can be extended by scalars to Co(K,A), and it induces a dual
operation d : C"(K,A) — C"T!(K,A) by d(F)(C) = F(6C). The key relation is as
follows:

Lemma 7.1.2. §;6; = 6;0,—1 fori < j.
Corollary 7.1.3. §%> = 0 and 9> = 0.
Thus we have a complex. The simplicial homology of K is defined by

ker[d : C,(K,A) — Cy—1(K,A)]

Hn(K,A) = 1m[5 . Cn+1(K7A) — Cn(K,A)] .

Elements of the numerator are called cycles, and elements of the denominator are
called boundaries. The simplicial cohomologies are defined likewise by

. ker[d : C*(K,A) — C""(K,A
H'"(K,A) = " (C*(K,A)) = im[[a : C"—(l (K,)A) - C"((K ,A))J] '

Note that when V is finite, these groups are automatically finitely generated and
computable. The choices of A of interest to us are Z,R, and C. The relationships are
given by the following theorem:

Theorem 7.1.4 (Universal coefficient theorem). If A is torsion-free, then there are
isomorphisms

Hi(KaA) gIit’(1<vz) A,
H'(K,A) 2H'(K,Z)®A=Hom(H;(K,Z),A).
Proof. [108]. O

One advantage of cohomology over homology is that it has a multiplicative struc-
ture. When A is replaced by a commutative ring R, there is a product on cohomology
analogous to the product in de Rham induced by wedging forms. Given two cochains
o € C"(K,R), B € C"(K,R), their cup product U € C"*"(K,R) is given by

oaUB{vo,- -y vutm}) = ({vo, - v DB Vs - s Vitm}), (7.1.1)
where vo < v < ---.
Lemma 7.1.5. d(aUB) =d(a) UB + (—1)"ocUI(P).

Corollary 7.1.6. U induces an operation on cohomology that makes H*(K,R) into
a graded ring.
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Singular (co)homology was introduced partly in order to give conceptual proof
of the fact that H;(K) and H'(K) depend only on |K|, i.e., that these are indepen-
dent of the triangulation. Here we concentrate on singular cohomology. A singular
n-simplex on a topological space X is simply a continuous map from f : A" to X.
When X is a manifold, we can require the maps to be C”. We define a singular
n-cochain on X to be a map that assigns an element of A to any n-simplex on X. Let
S"(X,A) (or SZ(X,A)) denote the group of (C*) n-cochains with values in A. When
F is an n-cochain, its coboundary is the (n + 1)-cochain

IF)(f) =X (~1)F(fo8).
The following has more or less the same proof as Corollary 7.1.3.
Lemma 7.1.7. 9> = 0.
The singular cohomology groups of X are

Hjo (X, A) = 2(S7(X,A)).
Singular cohomology is clearly contravariantin X. A basic property of this cohomo-
logy theory is its homotopy invariance. We state this in the form that we will need.
A subspace Y C X is called a deformation retract if there exists a a continuous map
F :[0,1] x X — X such that F(0,x) =x, F(1,X)=Y,and F(l,y) =yforyeY; X
is called contractible if it deformation retracts to a point.

Proposition 7.1.8. IfY C X is a deformation retract, then

H' (X,A)—H!

sing sing

(¥,A)
is an isomorphism for any A.

Corollary 7.1.9. In particular, the higher cohomology vanishes on a contractible
space.

The corollary is an analogue of Poincaré’s lemma. We call a space locally con-
tractible if every point has a contractible neighborhood. Manifolds and varieties
with classical topology are examples of such spaces.

Theorem 7.1.10. If X is a paracompact Hausdorff space (e.g., a metric space) that
is locally contractible, then H'(X ,Ax) = Hy;, (X ,A) for any abelian group A. More-
over, the cup product in sheaf cohomology coincides with the cup product in singular

cohomology.

A complete proof, excluding the last statement, can be found in [108, Chapter 6
§67—89] (note that Spanier uses the Cech approach discussed in the next section).
A proof that is more natural from our point of view can be found in [117], although
it is stated only for manifolds. The key step is to consider the sheaves . associated
to the presheaves U +— S"(U,A). These sheaves are soft. When A = R this is clear,
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since they are modules over the sheaf of real-valued continuous functions. The local
contractability guarantees that

0—Ax — .S .71 ...
is a soft resolution. Thus one gets
HI(X,Ay) = A (% (X)).

The product (7.1.1) also extends to these sheaves, and thus we can conclude the
coincidence of cup products using [45, Theorem 6.6.1]. It remains to check that the
natural map

S*(X,A) — S*(X)
induces an isomorphism on cohomology. We refer the reader to [117, pp. 196-197]
for this.

As a corollary of this (and the universal coefficient theorem), we obtain the form
of de Rham’s theorem that most people think of.

Corollary 7.1.11 (De Rham’s theorem, version 2). If X is a manifold, then

H;R(X7R) gI_Is*inzg'(xv}R) = Hj;

sing

(X,Z)®R
as graded algebras.

The theorem and its corollary also hold when C* cochains are used. In this case,
the map can be defined directly on the level of complexes by

o — ( fr— / f*oc> )
A
Singular cohomology carries a cup product given by formula (7.1.1). A stronger
form of de Rham’s theorem shows that the above map is a ring isomorphism [117].
Fundamental classes of oriented submanifolds can be constructed in H*(X,Z). This

can be used to show that the intersection numbers Y - Z are always integers. This can
also be deduced from Proposition 5.6.3 and transervsality theory.

Exercises

7.1.12. Prove Lemma 7.1.2 and it corollary.

7.1.13. Calculate the simplicial cohomology with Z coefficients for the “tetrahe-
dron,” which is the power set of V = {1,2,3,4} with @ and V removed.

7.1.14. Let S" be the n-sphere realized as the unit sphere in R"*!. Let Uy = §" —
{(0,...,0,1)} and U; = " — {(0,...,0,—1)}. Prove that U; are contractible, and
that Uy N U; deformation retracts onto the “equatorial” (n — 1)-sphere.
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7.1.15. Prove that

Z ifi=0,n,
0 otherwise,

H'(S",7) :{

using Mayer—Vietoris.

7.2 Cohomology of Projective Space

Our goal in this section is to calculate the cohomology of projective space. But
first we will need to develop a few more tools. Let X be a space satisfying the
assumptions of Theorem 7.1.10, and Y C X a closed subspace satisfying the same
assumptions. We will insert the restriction map

H(X,Z) — H(Y,Z)

into a long exact sequence. This can be done in a number of ways: by defining
cohomology of the pair (X,Y), by using sheaf theory, or by using a mapping cone.
We will choose the last option, which is the most geometric.

Proposition 7.2.1. Let X /Y denote the space obtained by collapsing Y to a point.
Then fori > 0, there is a long exact sequence

- —H(X/)Y,Z) - H'(X,Z) - H(Y,Z) - HT\ (X /Y, Z) — ---.  (1.2.1)

The sequence is constructed as follows. Let C be obtained by first gluing the base
of the cylinder {0} x Y C [0,1] x Y to X along Y, and then collapsing the top {1} x ¥
to a point P (Figure 7.2).

LetU; =C—P,and let U, C C be the open cone (0,1] x Y /{1} x Y. One sees that
U, deformation retracts to X, U, is contractible, and U; N U, deformation retracts
to Y. The Mayer—Vietoris sequence, together with Proposition 7.1.8, yields a long
exact sequence

- —H(C,Z) - H(X,Z) - H(Y,Z) - H(C,Z) — ---

when i > 0. To make this really useful, note that the map C — C/U, that collapses
the closed cone to a point is a homotopy equivalence. Therefore it induces an
isomorphism on cohomology. Since we can identify C/U, with X /Y, we obtain
a sequence (7.2.1)

We can now carry out a basic computation. Let P" = P, with its classical
topology.

Theorem 7.2.2.

Z if0<i<2niseven,

0 otherwise.

H(P",7) :{
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Fig. 7.2 Mapping cone.

Proof. We apply this when X = P" and Y = P"~! embedded as a hyperplane. The
complement X — Y is equal to C". Collapsing Y to a point amounts to adding a point
at infinity to C"; thus X /Y = S". Since projective spaces are connected,

H(P",Z) = H'(P" ', Z) = Z.
For i > 0, (7.2.1) and the previous exercise yield isomorphisms
H'(P",7) = H'(P"!,7Z), wheni < 2n, (7.2.2)
H(P",7) = 7.

Theorem 7.2.2 now follows by induction. O

Exercises

7.2.3. Let L C P" be a linear subspace of codimension i. Prove that its fundamental
class [L] is generated by H* (P",7Z).

7.2.4. Let X C P" be a smooth projective variety. Then [X] = d[L] for some d, where
L is a linear subspace of the same dimension; d is called the degree of X. Bertini’s
theorem, which you can assume, implies that there exists a linear space L’ of com-
plementary dimension transverse to X. Check that X - L' = #(X NL') = d.

7.2.5. An algebraic variety X admits an affine cell decomposition if there is a
sequence of Zariski closed sets X = X,, D X,,_1 D --- such that each difference
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X; — X;— is an affine space. Generalize the above procedure to compute H*(X,7Z)
assuming that X possesses such a decomposition.

7.2.6. Let G = G(2,4) be the Grassmannian of lines in P3. We define a sequence
of subsets by imposing so-called Schubert conditions. Fix a plane P C P?, a line
L C P, and a point Q € L. Let G3 be the set of lines meeting L, G, the set of lines
containing Q or contained in P, G| C G the set of lines containing Q and contained
in P, and let Gy = {L}. Show that this gives an affine cell decomposition. Use this
to calculate the cohomology of G.

7.3 Cech Cohomology

We return to sheaf theory proper. We will introduce the Cech approach to cohomo-
logy, which has the advantage of being quite explicit and computable (and the dis-
advantage of not always giving the “right” answer). Roughly speaking, Cech bears
the same relation to sheaf cohomology as simplicial does to singular cohomology.

One starts with an open cover {U;|i € I} of a space X indexed by a linearly
ordered set /. If J C I, let Uy be the intersection of U; with j € J. Let F be a sheaf
of abelian groups on X. The group of Cech n-cochains is

c'=c"({uit,7)= [l ZWUi.i).

i< <y
The coboundary map o : C"* — C"*lis defined by

(figecins = Z(_l)kfio...fk...inH |Ui0...in+1 : (7.3.1)
k

By an argument similar to the proof of corollary 7.1.3, we have the following:
Lemma 7.3.1. 9> =
Definition 7.3.2. The nth Cech cohomology group is

ker(8 (Ot —

H'({U;},F) =" (C*({U;},.F)) = im(9: 1 =)

To get a feeling for this, let us write out the first couple of groups explicitly:

({U}J —{ EH% |ﬁ ijl’lU,’j}ZegZ(X)7
({U} ) {(ﬁl)eny( l])lﬁk_ﬁ]+f]konUl]k}
{(fip)|3(90), fij = 0 — ¢}

There is a strong similarity with simplicial cohomology. This can be made precise

by introducing a simplicial complex called the nerve of the cover. For the set of
vertices, we take the index set 1. The set of simplices is given by

(7.3.2)
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X = {{io,..-in}|Ui,..., # 0}.

If we assume that each Uj . ;, is connected, then we see that the Cech complex
C"({U;},Ax) coincides with the simplicial complex of the nerve with coefficients
inA.

Even though we are primarily interested in sheaves of abelian groups, it will be
convenient to extend (7.3.2) to a sheaf of arbitrary groups ¢,

H'({U},9) = {(gij) e[l 9WUij)|gi = gijgjx on Ujx }/M
i<j

where (g;;) ~ (gi;) if there exists () € [T¥(U;) such that g;; = }/ig'ij}/j_l. Note that
in general this is not a group, but just a set with distinguished element g;; = 1. The
(gij) are called 1-cocycles with values in & It will be useful to drop the requirement
i < j by setting g;; = gi;l and g;; = 1. This will not affect the outcome. See Exercise
7.3.8 for a generalization of this.

As an example of a sheaf of nonabelian groups, take U — GL,(Z(U)), where
(X, %) is aringed space (i.e., a space with a sheaf of commutative rings).

Theorem 7.3.3. Let (X, %) be a manifold or a variety over k, an {U;} an open cover
of X. There are one-to-one correspondences between the following sets:

A = The set of isomorphism classes of rank-n vector bundles over (X, %) trivializ-
able over {U;}.

B = The set of isomorphism classes of locally free Z-modules 4 such that A |y, =
2.

C=H'({U;}},GL,(%)).

Proof. We merely describe the correspondences.

A — B: Given a vector bundle V on X, let ¥ be its sheaf of sections.
B — C: Given a locally free sheaf 7, choose isomorphisms F; : Zp. — [y, Set

gij=Fio Fj’l. This determines a well-defined element of H'.

C — A: Define an equivalence relation = on the disjoint union W = |J U; x k" as
follows. Given (x;,v;) € U; x k" and (xj,v;) € Uj x K", (x;,vi) = (xj,v;) if
and only if x; = x; and v; = g;;j(x)v;. Let V = (W /=) with the quotient
topology. Given an open set (U'/=) = U C V, define f : U — k to be
regular, C*, or holomorphic (as the case may be) if its pullback to U’ has
this property. O

Implicit above is a construction that associates to a 1-cocycle y = (g;;), the
locally free sheaf

,///y(U) = {(Vi) S H%(UQUZ‘)”W zgijvj}.

Example 7.3.4. Consider the case of projective space IP = IP}.. Suppose xo, ..., X, are
homogeneous coordinates. Let U; be the complement of the hyperplane x; = 0. Then
Ui is isomorphic to A} by
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X0 Xi
[X0, - - -y Xn] — N
Xi Xi

Define g;j = x;/x; € Op(Uj;)*. This is a 1-cocycle, and M, = Op(1). Likewise,
(xj/x;)¢ is the 1-cocyle for Op(d).

We get rid of the dependence on covers by taking direct limits. If {V;} is a
refinement of {U;}, in the sense that each V; lies in some U, then there is a natural
restriction map

H({U}, 7) — B ({Vi}, 7).

Definition 7.3.5. The nth Cech cohomology group is the direct limit

Hi(X, 7) = limH ({U}}, )

over all open covers under refinement.
From Theorem 7.3.3, we can extract the following corollary:

Corollary 7.3.6. There are one to one correspondences between the following sets:

A = The set of isomorphism classes of rank n-vector bundles over (X, %).
B = The set of isomorphism classes of locally free %-modules .# of rank n.
C=H'"(X,GL,(%)).

A line bundle is a rank-one vector bundle. We will not distinguish between
line bundles and rank-one locally free sheaves. The set of isomorphism classes of
line bundles carries the structure of a group, namely H' (X, 2*). This group is called
the Picard group, and is denoted by Pic(X).

Exercises

7.3.7. Check that the Cech coboundary satisfies 9% = 0.

7.3.8. It is often convenient to use alternating cochains, where
Car({U}, F) C ] 7 Uig...i,)

consists of families such that f;; ; ., =0 when indices are repeated and
To(ig)..c(iner) = SIEN(O) fig.insy

for any permutation 6. Show that the coboundary (7.3.1) preserves this condition.
Define 1 : C"({U;},.7) — Cl},,({U;},.F) by

(P s = sign(0) fo(iy)...o(i,,,) Where 0(ip) <+ < O (int1),
0t 0 if there are repetitions.
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Show that this induces an isomorphism of complexes and therefore an isomorphism
on cohomology.

7.3.9. Fill in the details of the proof of Theorem 7.3.3.

7.3.10. Show that multiplication in Pic(X) can be interpreted as tensor product of
line bundles. Show that the determinant map det : GL,(#) — %" induces a map
H'(X,GL, (%)) — Pic(X) corresponding to the operation .# + A" on locally
free sheaves.

7.3.11. Given an exact sequence of sheaves 0 — .&f — # — % — 0on X and v €
%'(X), define 6(y) as follows. Choose an open cover {U;} so that y|y, = im(f3;),
with 3; € Z(U;). Let §(y) be the class of ; — B; € C' ({U;}, o).

(a) Show that () gives a well-defined element of H' (X, .o7).
(b) Show that 6(y) = 0 if and only if y lies in the image of #A(X).

7.3.12. Let X be an algebraic variety and let K* be the constant sheaf associated
to the nonzero elements of the function field k(X)*. There is a natural inclusion
0% C K*. A (principal) Cartier divisor is an element F € K*/0%(X) (respec-
tively im K*(X)). The obstruction to being principal is the class §(F) € H' (X, 0%).
Describe this in explicit terms.

7.4 Cech Versus Sheaf Cohomology

We define a sheafified version of the Cech complex. Given a sheaf . on a space X
and an open cover {U;}, let

%n({Ui}vy): H l*y|Ui0...in’

in<...<ip

where 1 denotes the inclusion Uj,. ;, C X. We construct a differential d using
the same formula as before (7.3.1). Taking global sections yields the usual Cech
complex.

Lemma 7.4.1. These sheaves fit into an exact sequence

0—.Z - €U}, F)— € ({U},F)—--. (7.4.1)
Proof. [60, III, Lemma 4.2]. O
Lemma 7.4.2. Suppose that F is flasque. Then H"({U;},.7) = 0 for all n > 0.

Proof. If .7 is flasque, then the sheaves ¢ ({U;},.%) are also seen to be flasque.
Then (7.4.1) gives an acyclic resolution of .% . Therefore

H'({UY, ) = 2" (6" ({U}, 7)) = H' (X, F) = 0. 0
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Lemma 7.4.3. Suppose that H' (U;,.%7) = 0 for all nonempty finite sets J. Then

given an exact sequence
0O—woA - AB—€—0

of sheaves, there is a long exact sequence
0— H({U}, o) — H ({U}, B) — B'({U;}, %) - H' (Ui}, o) — -
Proof. The hypothesis guarantees that there are short exact sequences
0— o(Uy) — 2(U;) —€U;) — 0.
Thus we have an exact sequence of complexes
0—cC'({ui}, @) — C*({Ui}, %) — C*({Ui}, %) — 0.

The long exact sequence now follows from a standard result in homological algebra
(cf. [118, Theorem 13.1]). a

Definition 7.4.4. An open cover {U;} is called a Leray cover for a sheaf .7 if
H"(Uy,.#) = 0 for all nonempty finite sets J and all n > 0.

Theorem 7.4.5. If {U;} is a Leray cover for the sheaf .#, then
H'({U}, 7) =H"(X,7)
for all n.

Proof. This is clearly true for n = 0. With the notation of Section 4.2, we have an
exact sequence
0—.7 -G(F)—-CY(F)—0

ith
! H'(X,.Z) = coker[['(X,G(.7)) — '(X,C'(%))] (7.4.2)

and
H"(7) = H"(C!(#)). (7.4.3)

Lemmas 7.4.3 and 7.4.2 imply that
H'(F) = coker[I'(X,G(F)) — I'(X,C (F))] (7.4.4)

and
H"(7) = H"(C (%)) (7.4.5)

for n > 0. Formulas (7.4.2) and (7.4.4) already imply the theorem when n = 1. The
remaining cases when n > 1 can be handled by induction, using (7.4.3), (7.4.5), and
the fact that the cover is also Leray with respect to C!(.%):

H'(U;,C'(#))=H"(U;,.7) =0. 0
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1%

Corollary 7.4.6. If every cover admits a Leray refinement, then H"(X,.7)
H"(X,F).

We state a few more general results for the record.
Proposition 7.4.7. For any sheaf .7,
H'(X,Z)~H"(X,%).
Proof. See [45, Chapter II, Corollary 5.9.1]. O
Corollary 7.4.8. If (X, %) is a ringed space, Pic(X) = H' (X, %*).

Theorem 7.4.9. If X is a paracompact Hausdorff space (e.g., a metric space), then
for any sheaf and all i, ' '
H'(X,7)=H(X,ZF)

foralli.

Proof. See [45, Chapter II, Corollary 5.10.1]. O

Exercises

7.4.10. If {U;} is an open cover of a space X such that every nonempty intersection
U is contractible, show that it is Leray with respect to a constant sheaf Ay. Thus
H'(X,Ay) is the simplicial cohomology of the nerve associated to such a cover.

7.4.11. A finite-dimensional cell complex, which refines the notion of a simplicial
complex, is a space constructed as follows. Start with a set of points X°, then glue a
set of intervels (1-cells) by attatching their endpoints to X° to obtain X'. Glue a set
of 2-disks (2-cells) by attaching their boundaries to X!, and so on. X = X" for some
n. Show that X admits an open cover as in the previous exercise.

7.4.12. When X = U; UU,, Mayer—Vietoris yields a map % (U; N\U,) — H' (X, 7).
This induces a map H' ({U;,U,}.%) — H'(X,.%), which is an isomorphism when
the cover is Leray. Show more generally that for any finite cover {U;}, there is a
natural map H'({U;},.-7) — H'(X,.7) with the same property.

7.4.13. Let X be an algebraic variety. Prove that Pic(X) is isomorphic to the quotient
of the group of Cartier divisors (Exercise 7.3.12) by principal divisors.

7.4.14.Let A = A,%, where k is algebraically closed, and let C C A be the union of
two irreducible curves C; meeting in two points. Let K = ker[Z4 — Zc¢]. Show that
H?(X,7) = 7 using Exercise 5 of §4.5. On the other hand, it can be shown that
H?*(X,Z) = 0; cf. [51, pp. 177-179].
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7.5 First Chern Class

Let (X,0x) be a complex manifold or algebraic variety over C. Then we have
isomorphisms
Pic(X) = H'(X,0%) = H' (X, 0%).

Let e(x) = exp(2mix) be the normalized exponential.

Lemma 7.5.1. When X is a complex manifold, there is an exact sequence
0—>Zx—>ﬁxi>ﬁ;—>l (7.5.1)

called the exponential sequence.

Proof. 1t suffices to check this when X is replaced by a ball. Since a ball is simply
connected, given a holomorphic function f € &*(X), we can find a single-valued
branch of the logarithm log f. Then f = e(log f/2ri). This proves surjectivity. The
remaining steps are straightforward. O

Definition 7.5.2. Given a line bundle L, its first Chern class ¢ (L) € H*(X,Z) is the
image of L under the connecting map Pic(X) — H?(X,Z) associated to (7.5.1).

This can be carried out for C* manifolds as well, provided one interprets Oy as
the sheaf of complex-valued C* functions, and Pic(X) as the group of C* complex
line bundles. In this case, c; is an isomorphism. It is clear that the construction is
functorial:

Lemma 7.53.If f : X — Y is a C* map between manifolds, then c¢1(f*L) =
f*cl(L).

We want to calculate the first Chern class explicitly for a compact Riemann sur-
face X. Note that in this case, H? (X,Z) = Z, so we can view c¢; as a number. To make
things even more explicit, we note that this isomorphism is given by the inclusion
H?(X,Z) C H*(X,C) followed by integration. In order to get a de Rham represen-
tative, we consider the commutative diagram

0 > 7x > Oy ¢ > Oy > 1 (7.5.2)
2}[idlog
\ v d
0 > Cy > éa)? > (g))g,cl >0

where é’)}.d is the sheaf of closed 1-forms. By definition, it fits into an exact
sequence
O—><§))}’Cl—>é§}—>£}%—>0.

From this we obtain

E'X) — EXX) — H' (X, a) — 0.
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Given a l-cocycle yj representing an element of H 1(X ,6x c1), we can find an
explicit lift to B € £7(X) as follows. Regarding y;; as a cocycle in &y, we express
it as a coboundary

Vik = &luy, — ouluy, o € Ey(U))
because éj} is soft. Since yj is closed, we have dorj; = d oy on U ji.. Thus these forms

patch to give a global 2-form .
From the diagram (7.5.2), we obtain a commutative square

C1

H'(X,0%) = H*(X,Z)

2}ﬁdlog
\ \
1 2
H (Xy@(oX,cl) >H (X,(C)

Combining all of this leads to the following recipe for computing c;. Apply dzl;? to
a 1-cocycle gjx € O%(Uji). Then write it as a boundary:

dlogg i

1
o = Glup — ol 0 € Ex (U)).

Then da; patches to give a well-defined global closed 2-form f3 that represents the
image of ¢; in H*>(X,C). Finally, we integrate 3 to get a number.

Lemma 7.5.4. On P! with the above identification, we have c1(0(1)) = 1.

Proof. Set P = ]P’é:. We can use the standard cover U; = {x; # 0}. We identify
U; with C with the coordinate z = xo/x;. The 1-cocycle of Ox(1) is goy = 7!
(Example 7.3.4). Carrying out the above procedure yields

dloggo  dz

_ — —o
27 omiy T T ™

and B =do,;.
In order to evaluate the integral [ 3, divide the sphere into two hemispheres H; =

{|z| £1} and Hy = {|z| > 1}. Let C be the curve |z| = 1 oriented so that the boundary
of Hj is C. Then with the help of Stokes’s theorem, we get

= f e f = (oo o) =i [ £

Thus ¢;(€(1)) is the fundamental class of H*(P',Z). O
By the same kind of argument, we obtain the following:

Lemma 7.5.5. If D is a divisor on a compact Riemann surface X, ¢1(0(D)) =
deg(D).
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We are going to generalize this to higher dimensions. A complex submanifold
D C X of a complex manifold is called a smooth effective divisor if D is locally
definable by a single equation. In other words, we have an open cover {U;} of X and
functions f; € €(U;) such that DNU; is given by f; = 0. We define the Ox-module
Ox(—D) to be the ideal sheaf of D, and Ox (D) to be the dual. By assumption,
Ox(—D) is locally a principal ideal, and hence a line bundle. The line bundle O (D)
is determined by the 1-cocycle fi/fj € O(U;NU;)*.

Lemma 7.5.6. If H C P" is a hyperplane, then Opn(H) = Opn(1).

Proof. Although we basically proved this in Section 3.6, we give a different argu-
ment using cocycles. Let H be given by the homogeneous linear form ¢ = Y a;x; =
0. Then for the standard cover U; = {x; # 0}, H is defined by

Xk
V= =0.
i zak x;
Thus €' (H) is determined by the 1-cocycle ¢;/¢; = x;/x;, which is the cocycle for
o(1). O

Lemma 7.5.7. ¢|(Opn (1)) = [H], where H C P" is a hyperplane.

Proof. We have already checked this for P! in Lemma 7.5.4. Embed P! C P" as a
line. The restriction map induces an isomorphism on second cohomology with Z
coefficients such that [H] maps to the fundamental class of P! by (7.2.2). Since c;
is compatible with restriction, Lemma 7.5.4 implies that ¢; (Opn (1)) = [H]. O

Theorem 7.5.8. If D is a smooth effective divisor, then c¢i(Ox (D)) = [D].

Proof. There are several ways to prove this. We are going to outline the proof given
in [63], which reduces it to the previous lemma. We are going to work in the C~
category, since most of the constructions used here cannot be made holomorphic.
Choose an open tubular neighborhood T of D. This is a complex C* line bundle
such that D corresponds to the zero section. So there is a C* classifying map X — P
such that the line bundle associated to &pr(—1) pulls back to 7 by Theorem 2.6.6.
By composing this with complex conjugation P* — P, we can arrange that the dual
line bundle U associated to Opn (1) pulls back to T (see the exercises).

The Thom space Th(M) of a line bundle M — X is just the one-point compactifi-
cation of M. The Thom space Th(T) can simply be obtained by collapsing the
complement of T in X to a point. From Exercise 3.6.5, we can see that Th(U) can
be identified with P"*1, Under this identification, the zero section corresponds to P
embedded as a hyperplane. Since Th(T) will map to Th(U), we obtain a commuta-
tive diagram.
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D > X

\ v
Th(T)

\% \
]P)n . PnJrl

Using this, we can see that the fundamental class of P in P"*! pulls back to [D].
Furthermore the C* line bundle associated to Oy (D) is isomorphic to the pullback of
the C* line bundle associated to Op,11(1). This is because the duals can be identified
with the ideal sheaves of D and P” respectively. Thus the theorem follows from the
previous lemma. O

Exercises

7.5.9. Prove Lemma 7.5.5.

7.5.10. Given a vector bundle V of rank r, define det(V) = A"V and ¢;(V) =
c1(detV). Prove that det(V; @ Vo) = det(V}) @ det(V,). Use this to calculate
c1(Vi Vo).

7.5.11. A Hermitian metric || [|> on a holomorphic line bundle L — X is a complex-
valued C~ function on the total space L that restricts to an inner product on the
fibers. Every line possesses a metric obtained using a partition of unity. Conclude
that L can be represented by a cocycle g;; with values in the unit circle. Use this
to show that the pullback L of L under complex conjugation is isomorphic to the
dual L*.

7.5.12. Given a Hermitian metric on L and a local trivialization ¢; : L|y, = U; x C,
let h; = ||¢;"'(1)||. This gives a collection of positive C* functions satisfying #; =
llgijl|?h;. Show that the curvature ® = ddh; is globally defined, and that 27:\1/71 0]

represents ¢ (L). (See (9.2.1) for a discussion of the d, 0 operators.)
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Chapter 8
The Hodge Theorem for Riemannian Manifolds

Thus far, our approach has been primarily algebraic or topological. We are going to
need a basic analytic result, namely the Hodge theorem. This says that on a com-
pact oriented manifold equipped with a metric, every de Rham cohomology class
has a unique “smallest” element, called its harmonic representative. When com-
bined with the Kihler identities in later chapters, this will have strong consequences
for complex algebraic geometry. The original proof is due to Hodge [64] with a
correction by Weyl [121]. Different proofs were given by Bidal and de Rham [12]
and Kodaira [72] soon there after. Standard accounts of these results, with the neces-
sary details, can be found in the books of Griffiths and Harris [49], Warner [117],
and Wells [120]. These books follow a similar approach of first establishing a weak
Hilbert space version of the Hodge theorem, and then applying some regularity
results from elliptic PDE theory to deduce the stronger statement. We will depart
slightly from these treatments by outlining the heat equation method of Milgram
and Rosenbloom [84]. This is an elegant and comparatively elementary approach to
the Hodge theorem. As a warmup, we will do a combinatorial version that requires
nothing more than linear algebra.

8.1 Hodge Theory on a Simplicial Complex

In order to motivate the general Hodge theorem, we first work out a simple combi-
natorial analogue. Let K = (V,X) be a finite simplicial complex. Then the spaces of
cochains C*(K,R) are finite-dimensional. For each simplex S, let

N JlifS=Y,
3(8) = { 0 otherwise.
These form a basis of C*(K,R). Now choose inner products on these spaces.
A particularly natural choice is determined by making this basis orthonormal. Let
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d* : Cl(K,R) — C'~!(K,R) be the adjoint to 9. Then A = dd* + 9* 3 is the discrete
Laplacian.

Lemma 8.1.1. Let ¢ be a cochain. The following are equivalent:

(a) o € (imd)* Nkera.
(b) dox = d*a = 0.
(c) Ao = 0.

Proof. We prove the equivalences of (a) and (b), and of (b) and (c). Suppose that
a € (imd)* Nkerd. Then of course da = 0. Furthermore, since

10*t||* = (e, 09" ex) =0,
it follows that d*a = 0. Conversely, assuming (b), we have o € kerd and
(a,0B) = (9", B) = 0.
If doo = d*a = 0, then Ao = 0. Finally, suppose that Aoc = 0. Then
(Aa, ) = [dalP + 0|2 =0,
which implies (b). O
The cochains satisfying the above conditions are called harmonic.

Lemma 8.1.2. Every simplicial cohomology class has a unique harmonic represen-
tative. The harmonic representative minimizes the norm in its cohomology class.

Proof. To prove the first statement, we check that the map
h:(imd)* Nkerd — H"(K,R)

sending a harmonic cochain to its cohomology class is an isomorphism. If ¢ lies in
the kernel of 4, then it is a coboundary. Therefore o¢ = d 3, which implies that

lecll® = (er,0B) = 0.

This shows that % is injective. Given a cochain o with dor = 0, we can decompose
it as a = oy + op with o € (imad)* Nkerd and &, € ima. Thus the cohomology
class of o is equal to h(oy ).

Given a harmonic element o,

lloc+ B> = [lex|® + [|0BII* > ller]®

unless df3 = 0. O



8.2 Harmonic Forms 159

Exercises

8.1.3. Prove that the space of cochains can be decomposed into an orthogonal direct
sum
C"(K) =kerA ®@imd &imd*.

8.1.4. Prove that A is a positive semidefinite symmetric operator.

8.1.5. Use the previous exercise to prove that the limit of the “heat kernel”

H=lime ™

t—so0
exists and is the orthogonal projection to kerA.

8.1.6. Green’s operator G is the endomorphism of C"(K) that acts by 0 on ker A and
by }L on the A-eigenspaces of A with A £ 0. Check that I = H + AG.

8.2 Harmonic Forms

Let X be an n-dimensional compact oriented manifold. We want to prove an
analogue of Lemma 8.1.2 for de Rham cohomology. In order to formulate this,
we need inner products. A Riemannian metric (, ), is a family of inner products on
the tangent spaces that vary in a C* fashion. This means that the inner products
are determined by a tensor g € I'(X,&} ® &;). The existence of Riemannian
metrics can be proved using a standard partition of unity argument [110, 111, 117].
A Riemannian manifold is a C* manifold endowed with a Riemannian metric.
A metric determines inner products on exterior powers of the cotangent bundle,
which will also be denoted by (, ). In particular, the inner product on the top exterior
power gives a tensor det(g) € I'(X, 8¢ ® &¢). Since X is oriented, it is possible to
choose a consistent square root of det(g), called the volume form dvol € &"(X).
In local coordinates,

dvol = \/det(gi))dxy A+ A,

where ai ooy 8‘9 is positively oriented. The Hodge star operator is a C* (X )-linear
1 Xn
operator * : &X(X) — &"K(X), determined by

aAxf = (a,B)dvol. (8.2.1)

This is easy to calculate explicitly. After choosing a local orthonormal basis or frame
e; for (5‘3} in a neighborhood of a point, we have

*(ejy N---Nej) =¢€ej, N---Nej,_,,



160 8 The Hodge Theorem for Riemannian Manifolds
where {ji,...,Jjnt} = {1,...,n} — {i1,...,ix} and € is given by the sign of the

permutation
(1... kk+1... n>
TRNUU TR TR M

From this, one gets that %% = (—1)X"=%) on k-forms. The spaces &*(X) carry inner
products,

() = [ (c.Byavol = [ ansp,
X X
and hence norms.
Lemma 8.2.1. For all o, 3,
(do, B) = {0, *d * B).
In other words, the adjoint d* to d is £ x dx.

Proof. The lemma follows by integration by parts. More explicitly, apply Stokes’s
theorem to the identity

dlaonxB)=doN*BLanxxdxp. O
The key result of this chapter is the following theorem:

Theorem 8.2.2 (The Hodge theorem). Every de Rham cohomology class has a
unique representative that minimizes the norm. This is called the harmonic represen-
tative.

To understand the meaning of the harmonicity condition, we can treat it as a
variational problem and find the Euler—Lagrange equation. Let & be a harmonic
p-form. Then for any (p — 1)-form 3, we would have to have

d *
dt ||O£—|—l‘dﬁ||2|,=0 = 2<O£,dﬁ> = 2<d Ol,ﬁ> = 07
which forces d*or = 0. Conversely, if d*o = 0, then

loc+dB* = llxl|* +[|aBI?,

which implies that ¢ has the minimum norm in its cohomology class. Thus har-
monicity can be expressed as a pair of differential equations dov = 0 and d* o = 0.
It is sometimes more convenient to combine these into a single equation. For this
we need the following definition:

Definition 8.2.3. The Hodge Laplacian is A = d*d + dd*.
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Lemma 8.2.4. The following are equivalent:

(a) o is harmonic.
(b) doo=0and d* o = 0.
(c) Ao = 0.

Proof. The equivalence of the first two conditions is contained in the previous
discussion. The equivalence of the last two conditions follows from the identity
(Ao, o) = ||de® + [|d* or||*. O

The hard work is contained in the following result, whose proof will be postponed
until the next section.

Theorem 8.2.5. There are linear operators H (harmonic projection) and G (Green’s
operator) taking C= forms to C” forms that are characterized by the following
properties:

(a) H(ot) is harmonic,
(b) G(a) is orthogonal to the space of harmonic forms,
(c)o=H(ax)+AG(x),

for any C” form c.
Corollary 8.2.6. There is an orthogonal direct sum
&Y(X) = (harmonic forms) ®d& 1 (X) @ d* & (X).
Proof. Exercise. a
We can prove Theorem 8.2.2 modulo Theorem 8.2.5.

Proof. We prove the existence part of the theorem. The uniqueness is straight-
forward and left as an exercise. Let o be a closed form. It can be written as
o =P +dd*y+d*dywith = H(a) and ¥y = G(o). Since B is harmonic,

(d"dy,B) = (dy,dB) =0.

Furthermore,
(d*dy.dd"y) = (d"y,d*d"y) = 0.
Thus
la*ay||* = (d*dy, o) = (dy,deor) = 0.
Therefore oo = 8 + dd*y is cohomologous to the harmonic form . O

Theorem 8.2.5 remains, and this will be dealt with later. For now we consider the
easy, but instructive, example of the torus.

Example 8.2.7. X =R" /7", with the Euclidean metric. A differential form o can be
expanded in a Fourier series
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a=Y Y ay. " dx A Ndxi,. (8.2.2)

AEZMi)<-+<ip

By direct calculation, one finds the Laplacian

92
A=— ,
) ox?
the harmonic projection
H(a) = Zao,il.‘.ipdxil A Ndxi,,

and Green’s operator

)iy i
Gla)= Y z4n211|)~l|p2e2’” Xdxiy N~ Ndx;,.
AeZn{0}

Since the image of H consists of forms with constant coefficients, this proves the

assertion in Example 5.4.13.

As an application of this theorem, we obtain a new proof of Poincaré duality in a
strengthened form.

Corollary 8.2.8 (Poincaré duality, reprise). The pairing
H'(X,R)x H"/(X,R) - R

induced by (o, ) — [ ot A B is a perfect pairing.

Proof. The operator * induces an isomorphism between the space of harmonic
i-forms and (n — i)-forms. This proves directly that H'(X,R) and H"~/(X,R) are
isomorphic.
Consider the map
A:H'(X,R) — H"(X,R)*

givenby A(a) = — [ o A PB. We need to prove that A is an isomorphism. Since
these spaces have the same dimension, it is enough to prove that ker(A) = 0. But
this is clear, since A (o) (*0t) # 0 whenever ¢ is a nonzero harmonic form. O

Exercises

8.2.9. Give a careful proof of Lemma 8.2.1 and determine the signs.

8.2.10. Show that a harmonic exact form d7 satisfies ||dy||> = 0. Use this to prove
the uniqueness in Theorem 8.2.2.

8.2.11. Prove Corollary 8.2.6.
8.2.12. Fill in the details of Example 8.2.7.
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8.2.13. Let X be a compact Riemannian manifold with a group of isometries G, i.e.,
G preserves the metric. Then show that if o is harmonic, then g*a is also harmonic
forany g € G.

8.2.14. Suppose that G is a connected Lie group with an action G x X — X by
isometries on a compact Riemannian manifold X. Then show that any harmonic
form is G-invariant.

8.3 The Heat Equation*

We will outline an approach to Theorem 8.2.5 using the heat equation due to
Milgram and Rosenbloom [84]. However, we will deviate slightly from their presen-
tation, which is a bit too sketchy in places. The heuristic behind the proof is that
if the form o is thought of as an initial temperature, then the temperature should
approach a harmonic steady state as the manifold cools. So our task is to solve the
heat equation:

835’) — _AA(), 8.3.1)
A(0) = a, (8.3.2)

for all # > 0, and study the behavior as t — oo. For simplicial complexes, this was
dealt with in the exercises of the first section.
We start with a few general remarks.

Lemma 8.3.1. If A(t) is a C* solution of (8.3.1), then ||A(t)|? is (nonstrictly)
decreasing.

Proof. Upon differentiating ||A(z)||?, we obtain

2<%?,A> = —2(AA,A) = —2(||dA|* + ||d*A|]*) < 0. 0

Corollary 8.3.2. A solution to (8.3.1)—(8.3.2) would be unique.
Proof. Given two solutions, their difference satisfies A(0) = 0, so it remains 0. O

The starting point for the proof of existence is the observation that when X is
replaced by Euclidean space and « is a compactly supported function, then one has
an explicit solution to (8.3.1)—(8.3.2),

Ax) = | Kloynad)dy = (K@xy1),al))y,
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where the heat kernel is given by
K(x,y,t) = (4me) /2 oo/, (833)

and the symbol (), is the L? inner product with integration carried out with respect
toy.
This can be modified to make sense for a p-form on R” by replacing K above by

P
K(roy) = (drr) 2l <2dxi/\dyi> |

When working with forms on X x X x [0,e0), we will abuse notation a bit and
write them as local expressions such as 1(x,y,). Then d1(x,y,?) etc. will indicate
that the operations d . . . are preformed with y, treated as constant (or more correctly,
these operations are preformed fiberwise along a projection).

Theorem 8.3.3. On any compact Riemannian manifold, there exists a C” p-form
K(x,y,t) called the heat kernel such that for any p-form o,

A(xvt) = <K(x,y,t)oc(y)>y
gives a solution to the heat equation (8.3.1) with A(x,0) = o(x).

Proof. We sketch the idea, referring to [11, Chapter 2] for details. See also [19, 94]
for alternative presentations. For notational simplicity, assume that p = 0. The start-
ing point is the observation that (8.3.3) makes sense on a general Riemannian
manifold, provided that ||x — y|| is replaced by the Riemannian distance, which is
the infimum of lengths of curves connecting x to y. More precisely, let §(x,y)? be
a nonnegative C function on X x X that agrees with the square of the Riemannian
distance function in a neighborhood of the diagonal and vanishes far away from it.
Set
Ko(x,y,1) = (4mt) /2= () /41,

This is only an approximation to the true heat kernel in general. The idea will be to
add successive corrections to Kj, resulting in an infinite series K = Ky + - - - called
a Volterra series. We note that Kj satisfies a crucial property, that it approaches the
“d-function of x — y” as t — 0 in the sense that

tim (Ko (x,3,1), 2(3))y = ex(x)

We define the convolution of two functions C(x,y,#) and B(x,y,t) by
!
(C*B)ni) = [ (€l = 1),Bey D)dr.

This is an associative operation. Let R = (Ax + gt) Ky, which is called the remain-
der. Given a C* function B(x,y,t), we claim that
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d
Ax—’_&t (Ko*B) =B+ Rx*B. (8.3.4)
To see this, let

h(x,,t,7) = (Ko(x,2,t — 7),B(z,, 7))
be the integrand of Ky * B. Then (8.3.4) follows formally by adding

a [ e
5 | e odar =timateye )+ [ 8 h v
to . .
Ax/ h(x,y,t,r)d’c:/ Ach(x,y,t,7)dT.
0 0
The Volterra series is given by

KZKo—K()*R—‘y-Ko*R*R—---:K0+K0*(—R+R*R—---). (8.3.5)

Applying (8.3.4) formally term by term gives the telescoping series

(Ax+§t>K:R_(R+R*R)+(R*R+R*R*R)_...:0.

It would follow that
A(x7t) = <K(x7y7t)7a()’)>y

satisfies the heat equation and the required initial condition, provided that these
formal arguments can be justified and also provided that the “tail” Ky * (—R + R *
R+ --+) goes to zero with 7. In fact, to guarantee uniform convergence of (8.3.5)
and its derivatives up to second order on X2 x [0, 7], Ky needs to be replaced with
an expression Ky with better asymptotics. This step, due to Minakshisundaram and
Pleijel, is given by constructing

KN(xayat) = KO(xayat)[MO(xay) —Hu](x,y) + - '—I-ZNI,{N()C,y)]

with N > 0 and appropriate explicitly chosen functions u; so that there is an estimate
on its remainder
IRy| < CctN="/2 (8.3.6)

and similarly for its derivatives. This will lead to a bound
IRY| < CpN=n/2) 1 (8.3.7)

and a similar estimate on derivatives, where Cy are constants that go rapidly to O as
¢ — o (Exercise 8.3.8). This suffices to justify convergence of —Ry + Ry xRy — - -
along with the other statements. O

Let
’I;(OC) = <K(x7y7t)7 O‘(y»y
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with K as in the last theorem. This is the unique solution to (8.3.1) and (8.3.2).
Theorem 8.2.5 can now be deduced from the following:

Theorem 8.3.4.

(a) The semigroup property Tp, 14, = T;, T;, holds.
(b) T; is formally self-adjoint.

(¢) T,a converges to a C* harmonic form H(c).
(d) The integral

Gla) = / (T.a— Hol)dt
0
is well defined, and yields Green’s operator.

Proof. We give the main ideas. The semigroup property T; .., = T;;T;, holds
because A(t; +1,) can be obtained by solving the heat equation with initial condition
A(ty) and then evaluating it at t = 7.

To see that T; is self-adjoint, calculate

§t<TtanT§> = <§t7;anT€> = _<ATtn7TT§>

= _<’I;naATT§> = <T1Th aaTTT€> = aaT <T;n7TT§>7

which implies that (7;1,7T:&) can be written as a function of ¢ + 7, say g(¢ + 7).
Therefore

(Tin, &) =g(t+0) =g(0+1) = (n,T;&).
Properties (a) and (b) imply that for z > 0, we have

| Trsan0 — Tl = | Teer]> + | TP — 2(Trsyor. Tcr)
= [Tyl + [Tl — 2| Tper]?

= (ITsanell = | Tel))? = 20| Tnetl® = | Tvaneell - | Trexl));

[| T c||> converges thanks to Lemma 8.3.1. Therefore ||T; 2,0t — T; ¢¢||* can be made
arbitrarily small for large ¢. This implies that 7; o converges in the L* sense to an L?
form H(a), i.e., an element of the Hilbert space completion of &7 (X). Fix 7 > 0.
The relations 7,00 = T;T;—z 0., imply in the limit that T:H (o) = H(¢t). Since T is
given by an integral transform with smooth kernel, it follows that H(¢) is C*. The
equation TrH (o) = H(c) shows that H () is in fact harmonic. We also note that H
is formally self-adjoint,

(Ha, B) = lim (T, B) = lim (0, 7;8) = {1, HB).

The pointwise norms || 7;o:(x) — Ho(x)|| can be shown to decay rapidly enough
so that the integral

Gla)= /Ow(Ttoc—H(x)dt
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is well defined. We will verify formally that this is Green’s operator:

< T o

AG(a):/ ATodt = — Y
0 0

dt=o0—-H(a),

and for 8 harmonic,

(G(e).B) = | ((Ti—H)o B = | o (—H)B)dr =0,
as required. O
Let us return to the example of a torus, where things can be calculated explicitly.

Example 8.3.5. Let X = R"/Z". Given o as in (8.2.2), the solution to the heat
equation with initial value « is given by

i ox—A4mr2| 2
Lo= 3, zal,il...ipe(znlkx AR g, A Ndxi,,
Aezn

and this converges to the harmonic projection
H(O‘) = zao.il...ipdxil ARER /\dxip;

T;oc — Ho can be integrated term by term to obtain Green’s operator

Ahiyvip 2grid-
Gla)y= Y Y 477:21|?L|p26 T Xdxyy N N,
Aezr—{0}

Exercises

8.3.6. Suppose that o is an eigenfunction, so that Ao = Ao. Give an explicit
formula for T; cx.

8.3.7. Check that Example 8.3.5 works as claimed.

8.3.8. Given A(x,y,t), check that

A" (x, ) = Ax,z1,t —1)A(z1,22,t1 — 1) -+

/091 <Lty <t JXU1
(suitably interpreted). Deduce a bound

t[_lvol(X)z_lM[

ATl ety

where M = sup |A(x,y,t)| over X% x (0,¢).



Chapter 9
Toward Hodge Theory for Complex Manifolds

From now on, we are going to work almost exclusively with complex-valued func-
tions and forms. So we revise our notation accordingly. Given a C* manifold X, let
Cy (respectively éj’(‘) now denote the space of complex-valued C* functions (respec-
tively k-forms). We write Cy f, (or éa)’("R) for the space of real-valued functions or
forms. Let us say that a complex-valued form is exact, closed, or harmonic if its real
and imaginary parts both have this property. Then de Rham’s theorem and Hodge’s
theorem carry over almost word for word: H*(X,C) is isomorphic to the space of
complex closed k-forms modulo exact forms, and if X is compact and oriented with
a Riemannian metric, then it is also isomorphic to the space of complex harmonic
k-forms. This can be checked easily by working with the real and imaginary parts
separately.

To go deeper, we should ask how de Rham and Hodge theory interact with the
holomorphic structure when X is a complex manifold. This is really a central ques-
tion in complex algebraic geometry. In this chapter, which is really a warmup for
the next, we take the first few steps toward answering this. Here we concentrate on
some special cases such as Riemann surfaces and tori, which can be handled without
explicitly talking about Kéhler metrics. In these cases, we will see that the answer
is as nice as one can hope for. We will see, for instance, that the genus of a Riemann
surface, which a priori is a topological invariant, can be interpreted as the number
of linearly independent holomorphic 1-forms.

9.1 Riemann Surfaces Revisited

Fix a compact Riemann surface X with genus g, which we can define to be one-half
of the first Betti number. In this section, we tie up a loose end from Chapter 6, by
proving Proposition 6.2.9, that

g=dimH°(X,Q}) =dimH' (X, Ox).

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 169
DOI 10.1007/978-1-4614-1809-2_9, © Springer Science+Business Media, LLC 2012
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This will be an easy application of the Hodge theorem. In order to use it, we need
to choose a Riemannian metric that is a C* family of inner products on the tangent
spaces. We will also impose a compatibility condition that multiplication by i =
v/—1 preserves the angles determined by these inner products. To say this more
precisely, view X as a two-dimensional real C™ manifold. Choosing an analytic local
coordinate z = x+1iy in a neighborhood of U, the vectors v| = gx and vy = gy give a
basis (or frame) of the real tangent sheaf Jx of X restricted to U. The automorphism
Jp 1 Ix|u — Ix|u represented by
01
(510)

in the basis vy, v, is independent of this basis, and hence globally well defined.
A Riemannian metric (,) is said to be compatible with the complex structure, or
Hermitian, if the transformations J, are orthogonal. In terms of the basis v,
this forces the matrix of the bilinear form (,) to be a positive multiple of I by
some function A. In coordinates, the metric would be represented by a tensor
h(x,y)(dx®dx+ dy®dy). The volume form is represented by hdx A dy. It follows
that *dx = dy and *dy = —dx. In other words, * is the transpose of J, which is
independent of 4. Once we have *, we can define all the operators from the last
chapter.

Standard partition of unity arguments show that Hermitian metrics always exist.
For our purposes, one metric is as good as any other, so we simply choose one.

Lemma 9.1.1. A 1-form is harmonic if and only if its (1,0) and (0,1) parts are
respectively holomorphic and antiholomorphic.

Proof. Given alocal coordinate z = x 1y,
*dz = *(dx+1dy) = dy — idx = —idz, (9.1.1)
and similarly
*dZ =idzZ. 9.1.2)

If o is a (1,0)-form, then dot = dar. Thus o is holomorphic if and only if it is
closed if and only if dox = d * oc = 0. The last condition is equivalent to harmonicity
by Lemma 8.2.4. By a similar argument a (0, 1)-form is antiholomorphic if and only
if it is harmonic. This proves one direction.

By (9.1.1) and (9.1.2) the (1,0) and (0, 1) parts of a 1-form are linear combina-
tions of & and *xo. Thus if & is harmonic, then so are its parts. O

Corollary 9.1.2. dim H°(X, Q)) equals the genus of X.

Proof. By the Hodge theorem, the first Betti number 2g is the dimension of the
space of harmonic 1-forms, which decomposes into a direct sum of the spaces
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of holomorphic and antiholomorphic 1-forms. Both these spaces have the same
dimension, since conjugation gives a real isomorphism between them. Therefore

2¢ =2dimH"(X,Q}). 0
Lemma 9.1.3. The images of A and 90 on &*(X) coincide.

Proof. On the space of 2-forms, we have A = —d % d*. Computing in local coordi-
nates yields

= i (9°f I°f
dof = ~5 (8x2 + ay2>dx/\dy
and 2 2
_(9°f f
dxdf = (8)52 + 8y2> dxNdy,
which implies the lemma. O

Proposition 9.1.4. The map H' (X, Ox) — H'(X,Q}) induced by d vanishes.

Proof. We use the descriptions of these spaces as d-cohomology groups provided
by Corollary 6.2.5. Given o € &% (X), let B = dot. We have to show that 3 lies in
the image of 9. Theorem 8.2.5 shows that we can write B = H(f) +AG(f). Since
B is exact, we can conclude that H(f3) = 0 by Corollary 8.2.6. Therefore 3 lies in
the image of 99 = —da. O

Corollary 9.1.5. The map H'(X,C) — H' (X, Ox) is surjective, and dimH' (X, Oy )
coincides with the genus of X.

Proof. The surjectivity is immediate from the exact sequence
H'(X,C) — H'(X,0x) — H' (X, Q%)
The second part follows from the equation

dimH! (X, 0x) = dimH'(X,C) — dimH°(X, Qx). O

Exercises

9.1.6. Show that H'(X,C) — H'(X,0Y) can be identified with the projection of
harmonic 1-forms to antiholomorphic (0, 1 )-forms.

9.1.7. Calculate the spaces of harmonic and holomorphic one-forms explicitly for
an elliptic curve.

9.1.8. Show that the pairing (¢, ) — [ ot A B is positive definite.
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9.2 Dolbeault’s Theorem

We now extend the results from Riemann surfaces to higher dimensions. Given an
n-dimensional complex manifold X, let Ox denote the sheaf of holomorphic func-
tions. We can regard X as a 2n-dimensional (real) C* manifold as explained in
Section 2.2. As explained in the introduction, é”)’(‘ will now denote the sheaf of C*
complex-valued k-forms. We have

E(U) = Coréfx(U).

By a real structure on a complex vector space V, we mean a real vector space Vg
and an isomorphism C ® Vg = V. This gives rise to a C-antilinear involution v +— v
given by a ® v = a® v. Conversely, such an involution gives rise to the real structure
Vig = {v| 7 = v}. In particular, &§ (U) has a natural real structure.

The sheaf of holomorphic p-forms Qf; is a subsheaf of é‘}f stable under multipli-
cation by Oy. This sheaf is locally free as an Ox-module. If 7, ...z, are holomor-
phic coordinates defined on an open set U C X, then

{dZil/\---/\dZip|i1<---<ip}

gives a basis for Q¥ (U). To simplify our formulas, we let dz; = dz;, A+ Ndzi,,
where I = {i,...,ip}.
Definition 9.2.1. Let &"" denote the C* submodule of & generated by Q2.
Let &7 = &7 and 6 = 670 n 609,

In local coordinates, {dz; AdZ; | #I = p,#J = q} gives a basis of é”)gp’q)(U).

All of the operations of Section 6.2 can be extended to the higher-dimensional case.
The operators

9 g)gp’q) _ éa)gpﬂ’q)

and B
J: éa)gp-q) _ g)gp,qﬂ)

are given locally by

2 d
J <2fI.JdZI/\dZ_J> J dzi Ndzp NdZy,

1J 5 du

s

- n (9
0 <2f1’,dz[/\dzj> =y aJZ’_Jde/\dz,/\dZ,.
J

1J 1J j=1

The identities

d=0+0d, 9*°=0°=0, 90+0dd=0, (9.2.1)

hold.
Theorem 6.2.2 has the following extension.
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Theorem 9.2.2. Let D C C" be an open polydisk (i.e., a product of disks). Given
o € &PD(D) with do = 0, there exists B € & P4~V (D) such that o = 9.

Proof. See [49, pp. 25-26]. a
Corollary 9.2.3 (Dolbeault’s theorem I). For any complex manifold X,
(a) i i

0— QL — &PV 2, glrl) 2,

is a soft resolution.

(b) i
ker[d : &(Pa) (X) — (g)(P,qul)]

q PN ~
HY(X,Qp) = im[9 : &Pa-1)(X) — g(p,q)] '

Proof. Since exactness can be checked on the stalks, there is no loss in assuming
X = D for (a). The only thing not stated above is that % is the kernel of the d

operator on &, (79 This is a simple calculation. Given a (p,0)-form Y fidz,
X

- o0
J <Zf1dzz> =3 J_Cldzj/\dzz =0
1 I j=1 9z;
if and only it is holomorphic. Thus the sheaves é;ﬁ" *)
soft since these are modules over Cy.

(b) is now a consequence of Theorem 5.1.4. a

give a resolution, which is

In the sequel, we will refer to elements of ker 0 (orimd) as d-exact (or d-closed).

Exercises

9.2.4. Check the identities (9.2.1).

9.2.5. Give an explicit description of the map H'(X,C) — H'(X, Ox) induced by
inclusion Cx — Oy as a projection from de Rham cohomology to d-cohomology.

9.3 Complex Tori

A complex torus is a quotient X = V /L of a finite-dimensional complex vector
space by a lattice (i.e., a discrete subgroup of maximal rank). Thus it is both a com-
plex manifold and a torus. After choosing a basis, we may identify V with C". Let
21,...,2, be the standard complex coordinates on C", and let x; = Re(z;), y; = Im(z;).

We give X the flat metric induced by the Euclidean metric on V. Recall that har-
monic forms with respect to this are the forms with constant coefficients
(Example 8.2.7).
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Lemma 9.3.1. A holomorphic form on X has constant coefficients and is therefore
harmonic.

Proof. The coefficients of a holomorphic form Y, f;dz; are holomorphic functions
on X. These are constant because X is compact. a

This can be refined.

Proposition 9.3.2. H9(X, %) is isomorphic to the space of (p,q)-forms with con-
stant coefficients.

Corollary 9.3.3. Set
H(p,q) = @ Cdzy NdZy.
#I=p #J]=q

Then H9(X,QF) = H(P4) = \PC" @ NIC™.

The isomorphism in the corollary is highly noncanonical. A more natural identi-
fication is
HY(X,QF) = A\PV* @ ANV,

where V* is the usual dual, and V* is the set of antilinear maps from V to C.

The proof of Proposition 9.3.2 hinges on a certain identity between Laplacians
that we now define. The space of forms carries inner products as in Section 8.2,
where X is equipped with the flat metric. Let 0* and d* denote the adjoints to d and
0 respectively. These will be calculated explicitly below. We can define the 9- and
d-Laplacians by

Ay =09%d+dd",
Ay =0"9+9d".
Lemma 9.3.4. A =2A5 = 2A,.

We give two proofs. The first is by direct calculation.

Proof. Let
o= ZOC[JdZ[/\dZJ.
7
Then
&2
A;((X)Z 22 9207, dZ1/\de
1 ?ay %o
= - Z( U+ 21J>d21/\dZJ
IJl ax ayt
1
= A
A

A similar calculation holds for Ay (o). O
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This implies Proposition 9.3.2:

Proof. By Dolbeault’s theorem,

ker[é . £(Pa) (X) — g(p,qul)]

q P\ ~
HI(X,Qy) = im[é cEPa-D(X) — g(p,q)] '

Let o be a d-closed (p,q)-form. Decompose
o=B+Ay=B+24;7=B+01n+0"p
with 8 harmonic, which is possible by Theorem 8.2.5. We have
10 %> = (12,09 %) = (n,da) = 0.

It is left as an exercise to check that 3 is of type (p,¢), and that it is unique. There-
fore the d-class of o has a unique representative by a constant (p, q)-form. O

We will sketch a second proof of Lemma 9.3.4. Although it is much more compli-
cated than the first, it has the advantage of generalizing nicely to Kihler manifolds.
We introduce a number of auxiliary operators. Let i, and i; denote contraction with
the vector fields 2 Bazk and 2 382k' Thus for example, ix(dzx A o) = 2ct. If we choose
our Euclidean metric so that monomials in dx;,dy; are orthonormal, then the con-
tractions i; and i can be checked to be adjoints to dzx A and dZ;A. Let

-1
w:\/z Y dzAdz =Y dxAdyg, La=woAa,

and
_1 _
A=— Vz Y ki

The operators L and A are adjoint. Using integration by parts (see [49, p. 113]), we
get explicit formulas

o - 5 .
o o= _28Zklka’ d¥or = _zazklka’

where the derivatives above are taken coefficient-wise.
Let [A, B] = AB — BA denote the commutator. Then we have the following first-
order Kihler identities:

Proposition 9.3.5.

(a) [A,d] = —v/—10".
(b) [A,0] =V/~10*,

Proof. We check the second identity on the space of (1, 1)-forms. The general case
is more involved notationally but not essentially harder; see [49, p. 114]. There are
two cases. First suppose that & = fdz; AdZ, with j # k. Then
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[A,d]a = Ada
=A (Z aaf dzm/\dszde>
=2v— 1 dzj
:\/—18* :

Next suppose that oo = fdz; A dZy. Then

A, )0 = A<28 dzm/\dzk/\dzk> (—2\/—1f)

m+#k
- _2\/ 1 (%k (9 dZm z 8 dZm)

—2\/— de
:\/—18* . i

We now give a second proof of Lemma 9.3.4. Upon substituting the first-order
identities into the definitions of the various Laplacians, some remarkable cancella-
tions take place:

Proof. We first establish d9* + 99 = 0,
V=1(30*4+0%0) = 3(Ad —IA) +(Ad —AA)d = dAI —IAJ = 0.

Similarly, we have 99 + dd* = 0.
Next expand A,

(8+8)( +90*
( " +9* a)+(99
_|_
= Aa —|—A9.
Finally, we check Ay = A3,
—V=14; =9(Ad — dA)+ (Ad — JA)2
=0dAd — A +Add —IAI
= (A —Ad)d + (A — AJ)
=—V-14;. g
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Exercises

9.3.6. Check the first order-Kihler identities (Proposition 9.3.5) on the space of all
2-forms.

9.3.7. Show that 8 + dy = 0 forces 8 = 0 if B is harmonic.

9.3.8. Suppose that o = B + dy and that o is of type (p,q) and B harmonic.
By decomposing f = ¥, 7"¢) and y =¥ y7"¢) into (p',4) type and using the
previous exercise, prove that 3 is of type (p,¢) and unique.



Chapter 10
Kahler Manifolds

We come now to the heart of our story. We saw that for Riemann surfaces and tori,
holomorphic forms are harmonic and more. For general compact complex mani-
folds, the relationship is much more complicated. There is, however, an important
class of manifolds, called Kdhler manifolds, on which these kinds of results do
hold. More precisely, harmonic forms on such manifolds decompose into holomor-
phic, antiholomorphic, and more generally harmonic (p,q) parts. This is the Hodge
decomposition, which is the central theorem in the subject.

Kihler manifolds are complex manifolds that carry a special metric called a
Kihler metric. Unlike Riemannian or Hermitian metrics, there are topological
obstructions for a manifold to carry a Kéhler metric. Fortunately, all projective mani-
fold do possess such metrics, and this is the key. Other references that cover this
material in more detail are Griffiths and Harris [49], Huybrechts [67], Morrow and
Kodaira [89], Voisin [115], and Wells [120].

10.1 Kahler Metrics

Let X be a compact complex manifold with complex dimension n. A Hermitian
metric H on X could be defined as in the previous chapter as a Riemannian metric
for which multiplication by v/—1 is orthogonal. However, it is more convenient
for our purposes to view it as a choice of Hermitian inner product on the complex
tangent spaces that vary in C* fashion. More precisely, H will be given by a section
of @@)ﬁ“o) ® éjgo’l) such that in some (any) local coordinate system z; = x; + v/ —1y;
around each point, H is given by

H =Y hijdz;®dz;

with h;; positive definite Hermitian. The real part of this matrix is positive definite
symmetric, and the tensor
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zRe(hij) (dx; @ dx; +dy; @ dy;)

gives a globally defined Riemannian structure on X. We also have a (1, 1)-form, ©
called the Kdhler form, which is the normalized image of H under

VoM - &M A& = 600 (x).

In coordinates,

—1
W= \/2 Zhijdzi/\dz'j.

The normalization makes @ real, i.e., ® = w. It is clear from this formula that @
determines the metric.

Definition 10.1.1. A Hermitian metric on X is called a Kéhler metric for any p € X
if there exist analytic coordinates z,...,z, with z; = 0 at p for which the metric
becomes Euclidean up to second order:

]’l,’j = 51“,‘ mod (x1 s V15--- 7)Cn,yn)z.

A Kéhler manifold is a complex manifold that admits a Kédhler metric. (Sometimes
the term is used for a manifold with a fixed Kéhler metric.)

In such a coordinate system, a Taylor expansion gives

Vv

-1
o= ) Zdz,- AdZz; + terms of second order and higher.

Therefore dw = 0 at z; = 0. Since such coordinates can be chosen around any point,
dw is identically zero. This gives a nontrivial obstruction for a Hermitian metric to
be Kihler. In fact, this condition characterizes Kédhler metrics and is usually taken
as the definition:

Proposition 10.1.2. Given a Hermitian metric H, the following are equivalent:

(a) H is Kdhler.
(b) The Kiihler form is closed: dw = 0. B
(c) The Kdihler form is locally expressible as @ = 00 f.

Proof. Condition (c) clearly implies (b), and (b) will be shown to imply (c) in the
exercises.

That (a) implies (b) was explained above. So as to dispel any mystery, we explain
the broad strategy for the reverse implication, and refer to [49, p. 107] for further
details. Observe that by a linear change of coordinates it is easy to arrange that
hij(p) = 6;j for any p € X, so that near p, we have

0]
2

38 + dlyzi + bz + 0(2))dzj Adz,
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where O(2) refers to terms of higher order. We want to eliminate the linear
coefﬁcient.s a’jk,b’jk, by setting.zi =w;+ Zc’jkw iwy and solving. for the c’jk. At first
glance, this seems hopeless, since there are many more equations than variables.
Fortunately, there are redundancies:

Jo_ =i
by = dl;
and
ik
ajk = dji,

which stem from the Hermitianness of the metric and the closedness of w. With the
help of these relations, one can check that

Jo_ i
Chi = —ajk

gives a solution. O

We will refer to the cohomology class of @ as the Kdhler class. The function f
such that @ = v/—1ddf is called a Kihler potential. A function f is plurisubhar-
monic if it is a Kéhler potential, or equivalently in coordinates, this means that

IPf
Z 07i07; 515 > 0

for any nonzero vector &.
The following are basic examples of compact Kédhler manifolds:

Example 10.1.3. Any Hermitian metric on a Riemann surface is Kéhler, since d®
vanishes for trivial reasons.

Example 10.1.4. Complex tori are Kihler. Any flat metric will do.

Example 10.1.5. Complex projective space P" carries a Kéhler metric called the
Fubini-Study metric. In homogeneous coordinates the Kihler form is given by
V-l
o="_ dolog(|zo* + -+ + |za]?).
This really means that its pullback to C"*! — {0} is given by this formula. In inho-
mogeneous coordinates we can write  as

V—l- 0l |
ddlog e ol SRR . (10.1.1)
2r Zi Zi
We leave it as an exercise to check that this is in fact a Kdhler form. The significance

v

of the normalization 2;1 will be clear shortly.

The key examples of Kidhler manifolds are provided by the following lemma.
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Lemma 10.1.6. A complex submanifold of a Kdihler manifold inherits a Kdhler
metric such that the Kdhler class is the restriction of the Kdhler class of the ambient
manifold.

Proof. The Kihler form locally, has a plurisubharmonic potential f. It follows
immediately from the definition that f restricts to a plurisubharmonic function on a
complex submanifold. Thus the Kdhler form will restrict to a Kihler form. a

Corollary 10.1.7. A smooth projective variety X C P" is Kiihler, with Kéhler metric
induced from the Fubini—Study metric.

The Kihler class above has algebrogeometric meaning. Recall that for a line
bundle L, we have its first Chern class ¢ (L) € H*(X,Z). We can take its image in
H*(X,C).

Lemma 10.1.8. The Kdhler class of the Fubini—Study metric on P"* coincides with

c1(0(1)).

Proof. Since H*(P",C) is one-dimensional, the Kihler class [@] would have to be
a nonzero multiple of ¢; (£(1)). We can check that the constant is 1 by integrating
(10.1.1) over the embedded line z; = - -+ = z, = 0 and setting z = zp,/z; to obtain

2 4rdrd®
/ ddlog(1+z%) 477:/ / (14722 =1. O

Definition 10.1.9. A line bundle L on a compact complex manifold X is called very
ample if there is an embedding X C P" such that L 2 Opn(1)|x. L is ample if some
positive tensor power L% = L ® ---® L is very ample.

Corollary 10.1.10. If X is a smooth projective variety with an ample line bundle L,
then ¢ (L) is the Kéhler class associated to a Kiihler metric.

Proof. Any positive constant multiple of a Kihler form is another Kéhler form.
Since ¢ (L®¥) = ke (L), we can assume that L is very ample. In this case, the result
follows from the previous lemma and Corollary 10.1.8. O

Kihler classes arising as Chern classes are necessarily rational. The converse is
the famous Kodaira embedding theorem.

Theorem 10.1.11 (Kodaira embedding theorem). Suppose that X is a compact
Kéihler manifold whose Kéihler class lies in the image of H*(X,Q). Then X can be
embedded as a submanifold of projective space.

Proof. See [49, 120]. O

Using Chow’s theorem (which will discussed later on, in Section 15.4) we obtain
the following:

Corollary 10.1.12. A compact complex manifold is a nonsingular projective alge-
braic variety if and only if it possesses a Kdhler metric with rational Kdhler class.
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Exercises

10.1.13. Show that the product of two Kéhler manifolds is Kéhler.

10.1.14. If = : Y — X is a covering space, or equivalently a local biholomorphism,
show that a Kdhler form on X pulls back to a Kdhler form on Y. In the opposite
direction, show that if ¥ is Kéhler and X =Y /T", where I' is a discrete group acting
nicely (properly discontinuously, freely, holomorphically, and isometrically), then
X is Kéhler.

10.1.15. Prove (b) = (c) in Proposition 10.1.2. (Use Poincaré’s lemma to locally
solve @ = da, then apply the d-Poincaré lemma (9.2.2) to the (0, 1)-part of o and
the conjugate of the (1,0)-part.)

10.1.16. Show that the Fubini—Study metric is Kihler by checking that

2 2
20

Zi

Zn
Zi

R I

is plurisubharmonic.

10.1.17. Given a Kéhler manifold, prove that the Kéhler form ® is nondegenerate in
the sense that for every x € X, the associated bilinear form 7y x Tx — R on the real
tangent space is nondegenerate. A manifold with a nondegenerate closed 2-form is
called symplectic.

10.1.18. Let X be an n-dimensional Kéhler manifold. Show that the volume form
dvol for the underlying Riemannian metric is proportional to ®" = @ A --- A @, and
determine the constant of proportionality. Conclude, in particular, that dvol is of
type (n,n). (Hint: for the almost Euclidean coordinates around p, in the sense of
Definition 10.1.1, dvol = dx; Ady; A\ ---dy, at p.)

10.1.19. Use the previous exercise to show that when X is compact and Kéhler, the
Kihler class [®] is nonzero. Therefore the second Betti number is nonzero. This
provides a nontrivial topological obstruction to the existence of a Kédhler metric.

10.1.20. Construct a complex torus 7 with no nonzero forms o of type (1,1) that
are rational in the sense that [, . @ € Q. Conclude that T is not projective.

10.2 The Hodge Decomposition

Fix an n-dimensional Kédhler manifold X with a Kihler metric. Since Kihler metrics
are Euclidean up to second order, we have the following metatheorem: Any iden-
tity involving geometrically defined first-order differential operators on Euclidean
space will automatically extend to Kdhler manifolds. Let us introduce the relevant
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operators. Since X is a complex manifold, it has a canonical orientation given by
declaring ail , 3?1 , aiz ,-.. to be positively oriented for any choice of analytic local
coordinates. Thus the Hodge star operator associated to the Riemannian structure
can be defined. The operator * will be extended to a C-linear operator on &y, and
set (o) = *0o = *0.. (Be aware that many authors, notably Griffiths and Harris [49],
we define * to be what we call %.) If we let (, ) be the pointwise Hermitian inner
product on &°(X), then (8.2.1) becomes

aAxf = (o, B)dvol.

It follows easily from this and the fact that dvol is of type (n,n) (Exercise 10.1.18)
that

« &P (X) C nPr=a(x),
x &P (X) C £nan=r)(x),
Let 0* = —%9% = —*dx and 9* = —%d% = — x d*. These operators are the adjoints
an

—x
of d and d, and have bidegree (—1,0) and (0, —1) respectively. Then we can define
the operators with bidegrees indlcated on the right:

Ay =09*9+dd* (0,0)

Ay =0%d+dd* (0,0)

L= oA (1,1)
A=—xlx=—xL%  (—1,—1)

A form is called d-harmonic if it lies in the kernel of A 5. For a general Hermitian
manifold there is no relationship between harmonicity and d-harmonicity. However,
these notions do coincide for the class of Kéihler manifolds, by the following:

Theorem 10.2.1. A = 2A5 = 2A,,.

Proof. Since Laplacians are of second order, the above metatheorem cannot be
applied directly. However, the first-order identities of Proposition 9.3.5 do gene-
ralize to X by this principle. The rest of the argument is the same as the proof of
Lemma 9.3.4. O

Corollary 10.2.2. If X is compact, then H1(X, Q%) is isomorphic to the space of
harmonic (p,q)-forms.

Proof. Since harmonic forms are 0-closed (Exercise 10.2.9), we have a map from
the space of harmonic (p, g)-forms to H(X,€%). The rest of the argument is iden-
tical to the proof of Proposition 9.3.2. ad

We obtain the following special case of Serre duality as a consequence:

Corollary 10.2.3. When X is compact, HP (X, Q%) = H" P (X,Qy ).
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Proof. % induces an R-linear isomorphism between the corresponding spaces of
harmonic forms. O

Theorem 10.2.4 (The Hodge decomposition). Suppose that X is a compact Kdhler
manifold. Then a differential form is harmonic if and only if its (p,q) components
are. Consequently, we have (for the moment) noncanonical isomorphisms

H'(X,C)= P HI(X,25).
ptq=i

Furthermore, complex conjugation induces R-linear isomorphisms between the
space of harmonic (p,q)- and (q, p)-forms. Therefore

HY(X,Q8) = HP(X,Q}).
Proof. The operator A5 preserves the decomposition

&'X)= P #rx).

ptq=i

Therefore a form is harmonic if and only if its (p,g) components are. Since complex
conjugation commutes with A, conjugation preserves harmonicity. These argu-
ments, together with Corollary 10.2.2, finish the proof. O

The next two results are true more generally. However, for Kdhler manifolds, we
get these almost for free.

Corollary 10.2.5. The Hodge numbers h"%(X ) = dimHY (X, Q%) are finite.

Corollary 10.2.6. Suppose that X and Y are compact Kdihler. Then there is an
isomorphism

HYX xY,Qf )= P H X, Q) 0H"(Y,f).

a+b=q

c+d=p
Proof. We make the previous identifications of H*(X,Qg) = H**(X ) with harmonic
(c,a)-forms X etc. Let m; be the projections on X x Y. Recall that we have an
isomorphism

K: P H'(X.C)®H/(Y,C) = H X xY,C)
i+j=k

(Theorem 5.3.6), where the map k(o ® ) equals 7foc Uy 3. Decomposing into
type, we see that

K(H(X)@H®(Y)) c HH 4T (X x ¥).

These restrictions are necessarily isomorphisms, since their sum is an isompor-
phism. a
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The Hodge decomposition theorem has a number of subtle implications for the
topology of compact Kéhler manifolds.

Corollary 10.2.7. If i is odd, then the ith Betti number b; of X is even.

Proof. '
bi=2 z PP, O
p<i/2
Corollary 10.2.8 (Johnson—Rees). The fundamental group of X cannot be free
(unless it is trivial).

Proof. The proof is taken from [4], which gives a bit more detail. If 7 (X) were free
on an odd number of generators, then the first Betti number would be odd, which
is ruled out as above. If m; (X) is free on an even number of generators, then it can
be checked that it contains a subgroup of finite index that is free on an odd number
of generators. This subgroup is the fundamental group of a finite sheeted covering
Y — X. Since Y inherits a Kéhler structure from X (Exercise 10.1.14), this is again
impossible. a

More information about the structure of fundamental groups of compact Kihler
manifolds—called Kéhler groups—can be found in [2]. The finite-dimensionality of
HI(X,QF) is also true for compact complex non-Kéhler manifolds by
Theorem 16.3.5, but the other corollaries may fail. The Hodge numbers give an
important set of holomorphic invariants for X. We can visualize them by arranging
them in a diamond:

h° =1
th hOl
hZO hll h02
hn,n—l o hn—l,n
=1

The previous results imply that this picture has both vertical and lateral symmetry
(e.g. B0 = pOl — pn—1 — hn—l,n).

Exercises

10.2.9. Prove that a form o on a compact Kéhler manifold is harmonic if and only
if doo = d* ot = 0. Deduce that a (p, 0)-form is harmonic if and only if it is holomor-
phic.

10.2.10. Check that the operators d*,9*, and A defined in Section 9.3 for the flat

metric are special cases of the corresponding operators defined here.

10.2.11. The Hopf surface S is a complex manifold obtained as a quotient of C> —
{0} by Z acting by z ~— 2"z. Show that S is homeomorphic to S' x §3, and conclude
that it cannot be Kéhler.
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10.3 Picard Groups

Recall that the Picard group Pic(X) = H'(X,0%) of a complex manifold is the
group of isomorphism classes of holomorphic line bundles. Our goal is to analyze
the structure of this group when X is compact Kéhler. There is a discrete part, which
is the image of the first Chern class map Pic(X) — H?(X,Z), and a continuous part,
which is the kernel. We start by describing the image. Let us identify H*(X,C) with
the space of harmonic 2-forms with respect to a fixed Kihler metric. Let H'! (X) be
the subspace of harmonic forms of type (1,1). Let us write H(X,Z) NH''(X) for
the preimage of H'!(X) under the map H?(X,Z) — H*(X,C). This is the sum of
the true intersection im[H?(X,Z) — H?(X,C)]NH"(X) with the torsion subgroup
H2 (Xyz)tors~

Theorem 10.3.1 (The Lefschetz (1, 1) theorem). c|(Pic(X)) = H*(X,Z) N
H''(X).

Proof. The map f : H*(X,Z) — H*(X,0x) can be factored as H?*(X,Z) —
H?(X,C) followed by projection of the space of harmonic 2-forms to the space
of harmonic (2,0)-forms. From the exponential sequence, ¢1 (Pic(X)) = ker(f), and
this certainly contains H>(X,Z) N H'!(X).

Conversely, suppose that o € ker(f). Then its image in H*(X,C) can be repre-
sented by a sum of a harmonic (0,2)-form oy and a harmonic (1, 1)-form . Since
@ = o, o must be zero. Therefore oo € H*(X,Z) NH" (X). O

Proposition 10.3.2. Pic’(X) = ker(c; ) is a complex torus.
Proof. From the exponential sequence, we obtain
H'(X,Z) — H'(X,0x) — Pic(X) — H*(X,Z).

Pic® is the cokernel of the first map, that is, H' (X, ) /H' (X, 7). We have to prove
that H' (X, Z) sits inside H' (X, Ox) as a lattice. Since

H'(X,2) cH'(X,R)=~H'(X,Z)®R
is a lattice, it suffices to prove that the natural map
n:H' (X,R) — H'(X,0x)

is an isomorphism of real vector spaces. We know that these spaces have the same
real dimension b; = 2h'°, so it is enough to check that 7 is injective. The Hodge
decomposition implies that o € H' (X, R) can be represented by a sum of a harmonic
(1,0)-form ¢r; and a harmonic (0, 1)-form o,. Since @ = @, o) = @, it follows that
m(e) is just ;. Therefore 7(o) = 0 implies that o = 0. O
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Combining both results gives the following structure theorem:

Theorem 10.3.3. Let X be a compact Kéhler manifold. Then Pic(X) fits into an
exact sequence

0 — Pic’(X) — Pic(X) — H*(X,Z)NH" (X) = 0

with Pic®(X) a complex torus of dimension h°' (X):

PicO(X ) is called the Picard torus (or variety when X is projective). When X is
a compact Riemann surface, PicO(X ) is usually called the Jacobian and denoted by
J(X).

Example 10.3.4. When X =V /L is a complex torus, Pic’(X) is a new torus called
the dual torus. Using Corollary 9.3.3, it can be seen to be isomorphic to V*/L*,
where V* is the antilinear dual and

L ={AeV*|Im(A)(L) C Z}.

The dual of the Picard torus is called the Albanese torus Alb(X). Since H°! =
H°', AIb(X) is isomorphic to

HO(X, Q)"
Hl (X;Z)/Hl (sz)tors7

where the elements y of the denominator are identified with the functionals o — fy o
in the numerator. In a sense that will be discussed in the exercises, Alb(X) is the
torus that is closest to X.

Exercises

10.3.5. Show that X ~— Pic(X) extends to a contravariant functor from compact
Kihler manifolds to complex tori. Show that X — Alb(X) is covariant.

10.3.6. Let X be a compact Riemann surface. Show that the pairing (o, B) = [y a A
B induces an isomorphism J(X) = Alb(X); in other words, J(X) is self-dual.
10.3.7. Fix a base point xo € X. Show that the so-called Abel-Jacobi map o : X —
Alb(X) given by x — [ (which is well defined modulo H) is holomorphic.

10.3.8. Show that every holomorphic 1-form on X is the pullback of a holomor-
phic 1-form from Alb(X). In particular, the Abel-Jacobi map cannot be constant if
hol £ 0.

10.3.9. Prove that Alb(T) = T if T is a complex torus. Given a holomorphic map
f X — T sending xo to 0, prove that it factors through Alb(X) — AIb(T) = T.

10.3.10. Consider the map X" — Alb(X) given by (x1,...,x,) — > o¢(x;). Show that
this is surjective for some n. (Hint: calculate the derivate at a general point.)



Chapter 11
A Little Algebraic Surface Theory

Let us return to geometry armed with what we have learned so far. We have already
looked at Riemann surfaces (which will be referred to as complex curves from now
on) in some detail. So we consider the next step up. A nonsingular complex surface
is a two-dimensional complex manifold. By an algebraic surface, we will mean a
two-dimensional nonsingular projective variety. So in particular, they are Kihler
manifolds. In this chapter, we will present a somewhat breezy account of surface
theory, concentrating on topics that illustrate the general theorems from the previous
chapters.

Much more systematic introductions to algebraic surface theory can be found in
the books by Barth, Peters, and Van de Ven [9] and Beauville [10].

11.1 Examples

The basic discrete invariant of a curve is its genus. For algebraic surfaces, there
are several numbers that play a similar role. We can use the Hodge numbers. By the
symmetry properties considered earlier, there are only three that matter: 40, h20 11,
The first two are traditionally called (and denoted by) the irregularity (g = h'°) and
geometric genus (pg = h?%). The basic topological invariants are the Betti numbers,
which by Poincaré duality and the Hodge decomposition theorem can be expressed
as
by =by=2q, by=2ps+h'l.

It is also convenient to consider the Euler characteristic,
e=bo—by+by—by+by=2—4q+2ps+h'".

Let us now start our tour.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 189
DOI 10.1007/978-1-4614-1809-2_11, © Springer Science+Business Media, LLC 2012



190 11 A Little Algebraic Surface Theory

Example 11.1.1. The most basic example is the projective plane X = P? = ]P%.
We computed the Betti numbers by = 0, b> = 1 in Section 7.2. Therefore g = p, =0
and h'' = 1.

Example 11.1.2. If X = C} x C; is a product of two nonsingular curves of genus g;
and g, then by Kiinneth’s formula (Theorem 5.3.6 and Corollary 10.2.6),

q="n"X)=n"%C)Hr®(C,) +rP(CHR(Cy) = g1 + go.
Similarly, p, = g1g> and h'! =2g,g, +2.

Example 11.1.3. As a special case of the previous example, when we have a product
of a curve C with P!, the invariants are ¢ = g, p, = 0, and h'! = 2. More generally,
we can consider ruled surfaces over C, which are P!-bundles that are locally iso-
morphic to U; x P!, for a Zariski open cover {U;} of C. (See Section 14.5 for a bit
more explanation of what this means.) We will see shortly that the invariants are the
same as above, although they are not generally products. When C = P!, there are,
up to isomorphism, countably many ruled surfaces. Here is a simple description. Let
C, C P" be the closure of {(¢,2,...,") | t € C}. Choose a point pg € P" —C,,. Let
F, be the set of pairs (g, p) € P" x C, such that g lies on the line connecting py to g.

Example 11.1.4. Let X C P3 be a smooth surface of degree d. Then g = 0. We will
list the first few values of the remaining invariants:

d Pe Ll
2 0 2
307
4 120
5 445
6 10 86

These can be calculated using formulas given later (17.3.4).

A method of generating new examples from old is by blowing up. We start by
describing the blowup of C? at 0:

BloC? = {(x,£) € C> x P'|x € ¢}.

The projection p; : BlyC> — C? is one-to-one away from 0 € C2. This can be gene-
ralized to yield the blowup Bl,X — X of a surface X at the point p. Let BC X be a
coordinate ball centered at p. After identifying B with a ball in C? centered at 0, we
can let BlpB be the preimage of B in BlyC?. The boundary of BlyB can be identified
with the boundary of B. Thus we can glue X — BUBIyB to form Bl,X. When X is
algebraic, Bl X is again algebraic by Exercise 2.4.23.

Let us compute H*(Bl,X,Z). Set Y = Bl,X and compare Mayer—Vietoris
sequences:



11.1 Examples 191

Hi(X) >H(X—-B)®&H(B) >~ H (X —-B'NB)

\ \ \
H(Y) > H'(Y —Bl,B") & H'(BI,B) > H'(Y —Bl,B'NBI,B)

where B’ C B is a smaller ball. We thus have the following result:
Lemma 11.1.5. H'(Bl,X) = H'(X) and H*(B1,X) = H*(X) & Z.

Corollary 11.1.6. ¢ and p, are invariant under blowing up. h''(Bl,X) =
(X)) + 1.

Proof. The lemma implies that b} = 2g is invariant and b, (Y) = b;(X) + 1. Since
by = 2pg + h'l, the only possibilities are 2!'(Y) = A1 (X) + 1, pg(Y) = pg(X),
and pg(Y) < pg(X). The last inequality means that there is a nonzero holomorphic
2-form on X that vanishes on X — p, but this is impossible. O

A birational map K : X --» Y is simply an isomorphism in the category of
varieties and rational maps. In more explicit terms, it is given by an isomorphism
of Zariski open sets X D U =V C Y. Blowups and their inverses (“blowdowns”)
are examples of birational maps. Two varieties are birationally equivalent if a bira-
tional map exists between them. For example, any two ruled surfaces over P! are
birationally equivalent to each other and to P?, because they all contain A”.

For surfaces, the structure of birational maps is explained by the following
theorem:

Theorem 11.1.7 (Castelnuovo). Any birational map between algebraic surfaces is
given by a finite sequence of blowups and blowdowns.

Proof. See [60, 9]. O

Corollary 11.1.8. The numbers q and p, depend only on the birational equivalence
class of the surface.

This implies that p, = g,q = 0 for ruled surfaces over a genus-g curve, as claimed
above.
Blowing up of singular points figures in the proof of the next important theorem.

Theorem 11.1.9 (Zariski). Given a singular algebraic surface Y, there exist a non-
singular surface X and a morphism ©w : X — Y, called a resolution of singularities,
that is an isomorphism away from the singular points.

Proof. See [9]. O

Corollary 11.1.10 (Zariski). If f : X --» V is a rational function from an algebraic
surface to a variety V, then there is a finite sequence of blowups Y — X such that f
extends to a holomorphicmap f':Y — V.
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Proof. We can construct Y by resolving singularities of the closure of the graph
of f. a

Analogues of Zariski’s and Castelnuovo’s theorems in higher dimensions have
been established by Hironaka and Wtodarczyk respectively. These are much harder.

An elliptic surface is a surface X that admits a surjective morphism f : X — C to
a smooth projective curve such that all nonsingular fibers are elliptic curves.

Example 11.1.11. A simple example of an elliptic surface is given as follows:
choose two distinct nonsingular cubics Ey,E; C P? defined by fy(x,y,z) and
f1(x,,z). These generate a pencil of cubics E, = V(tf; + (1 —1)fp) with ¢ € PL.
Define

X ={(p,t) eP*xP' | pcE}.

Projection to P! makes this an elliptic surface. X can be identified with the blowup
of P? at the nine points EgNE). So g = pg = 0and n'' = 10.

Example 11.1.12. Consider the family of elliptic curves in Legendre form
&= {([x7y7z]7t) € P2 xC— {07 1} | yZZ —x(x—z)(x— IZ) = 0} —C.

The above equation is meaningful if # = 0, 1, and it defines a rational curve with a
single node. By introducing s = #~!, we get an equation

sy?z—x(x—z)(sx—z) =0

that defines a union of lines when s = 0. In this way, we can extend & to a surface
&' — P!, Unfortunately, & is singular, and it is necessary to resolve singularities to
get a nonsingular surface & containing & (we can take the minimal desingulariza-

tion, which for our purposes means that b,(&’) is chosen as small as possible).

Exercises

11.1.13. Finish the proof of Lemma 11.1.5.

11.1.14. Given a ruled surface X over a curve C, check that e(X) = e(P!)e(C), and
use this to verify that ' (X) = 2.

11.1.15. Show that there is a nonsingular quartic X C P? containing a line ¥,
which we can assume to be x» = x3 = 0. Show that the map P> --» P! defined
by [xo,...,x3] = [x0,x1] determines a morphism X — P! that makes it an ellptic
surface.

11.1.16. Given a smooth projective curve C, the symmetric product is given by
S2C = C x C/o, where o is the involution interchanging factors. This has the struc-
ture of a smooth algebraic surface such that H'(S?C,Q) = H(C x C,Q)°. Compute
the Betti and Hodge numbers for S2C.
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11.2 The Neron—Severi Group

Let X be an algebraic surface. The image of the first Chern class map
c1 : Pic(X) — H*(X,Z)

is the Neron—Severi group NS(X). The rank of this group is called the Picard
number p(X). By Lefschetz’s Theorem 10.3.1,NS(X) = H*(X,Z)NH" (X). There-
fore p < h'! with equality if p, = 0.

A divisor on X is a finite integer linear combination Y,n;D; of possibly singular
irreducible curves D; C X. We can define a line bundle O (D) as we did for Riemann
surfaces in Section 6.3. If f; are local equations of D; N U in some open set U, then

1
o
is a fractional ideal. In particular, when n; = 1, Ox (—D) is the ideal sheaf of D, and
an ideal sheaf of a subscheme supported on D when n; > 0.

Lemma 11.2.1. If D; are smooth curves, then ¢\ (Ox (3,n;D;)) = Y. n;[D;).

Ox(D)(U) = Ox(U)

Proof. This is an immediate consequence of Theorem 7.5.8. O
When D is singular, we simply define its fundamental class to be ¢; (Ox(D)).
The cup product pairing

H*(X,Z) x H*(X,Z) — H*(X,Z) = Z
restricts to a pairing on NS(X) denoted by “-”. Note that the last isomorphism
follows from a stronger form of Poincaré duality than what we proved earlier [61].

Lemma 11.2.2. Given a pair of transverse smooth curves D and E,
D-E= /Xcl (6(D))Uer(6(E)) = /Dcl(ﬁx(EmD —#(DNE).

Proof. By Lemma 11.2.1 and Proposition 5.6.3, D - E is a sum of local inter-
section numbers i,(D,E). The numbers i,(D,E) are always +1 in this case by
Exercise 5.6.6. O

If the intersection of the curves D and E is finite but not transverse, it is still
possible to give a geometric meaning to the above product. Choose local coordinates
centered at p, and local equations f and g for D and E respectively.

Definition 11.2.3. The local intersection number is given by i,(D,E) = dim O,/
(f,€). (This depends only on the ideals (f) and (g), so it is well defined.)

Proposition 11.2.4. If D, E are curves such that DN E is finite, then

D-E=Y i)(D,E).
peX
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Proof. We assume for simplicity that D and E are smooth, although this argument
can be made to work in general. As in the proof of Proposition 5.6.3, the number on

the left is given by
/ TN\ TE
X

for appropriate representatives Tp, T for the Thom classes. In particular, we assume
that the supports are small enough that it breaks up into a sum of integrals over
disjoint coordinate neighborhoods of p € DNE.

We need a convenient expression for the Thom classes. We first note that if p :
R* — [0, 1] is a cutoff function, 1 in a neighborhood of 0 and 0 in a neighborhood
of oo, then — zlndp (r) Ad8 gives a local expression for the Thom class of 0 € R?.
Thus after choosing local equations of D,E at p € DN E as above, we can assume
that (locally) Tp = 7y and 7 = T, where

1 df
Tr=— d A
1=y DA ]

Let h(z1,22) = (f(21,22),8(21,22)). It maps a small ball 0 € U C C? to another
small ball 0 € U’. The degree of h is the number of points in the fiber 1~ (y) for
almost all y. This coincides with i,(E,D) by Lemma 1.3.3. Computing the integral
by a change of variables gives

/ Tr N\ Ty :/ h(tp ATy) = (degh)/rZl AT, =degh=i,(E,D). O
U U’

Example 11.2.5. Recall that H>(P?,Z) = Z, and the generator of H*(P?,7Z) is the
class of the line [L]. Since [L] = [L'] for any other line, we have L?> = L-L' = 1,
where L2 = L- L.

Example 11.2.6. H*(P' x P!, Z) = Z? with generators given by fundamental classes
of the horizontal and vertical lines H = P! x {0} and V = {0} x P!. We see that
H*=V?=0andH-V=1.

Given a curve D C P? defined by a polynomial f, we let degD = deg f.

Corollary 11.2.7 (Bézout). If D, E are curves on P with a finite intersection, then

Y ip(D,E) = deg(D)deg(E).

peX
Proof. We have [D] = ¢|(0'(degD)) = (degD)[L], and likewise [E] = (degE)[L].
Therefore D - E = degDdeg E(L?) = deg DdegE. O

Corollary 11.2.8. If D, E are distinct irreducible curves, then D-E > 0, and equality
holds only if they are disjoint.

This nonnegativity can fail when D = E. For example, by Corollary 5.7.3, the
diagonal in a product of curves A C C x C has negative self-intersection as soon as
the genus of C is greater than 1. From Lemma 11.2.1, we obtain the following:
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Lemma 11.2.9. If D is a smooth curve, then

D= /Dc1 (6x(D)) = deg(6p(D)).

Given a surjective morphism f : X — Y of algebraic surfaces, the pullback
f*: H*(Y,Z) — H*(X,7) preserves the Neron—Severi group and the intersection
pairing. This can be interpreted directly in the language of divisors. Given an irre-
ducible divisor D on Y, we can make the set-theoretic preimage f~'D into a divisor
by pulling back the ideal, i.e.,

Ox(~1~'D) = im[f* 6 (~D) — 6x].

We extend this operation to all divisors by linearity. The operation satisfies
f*0y (D) = Ox(f~'D). Since cy is functorial, we get the following:

Lemma 11.2.10. f~! is compatible with f* on NS(X).

Exercises

11.2.11. Let X = C x C be the product of a curve with itself. Consider the divisors
H=Cx{p},V={p} xCand the diagonal A. Compute their intersection numbers,
and show that these are linearly independent in NS(X) ® Q. Thus the Picard number
is at least 3. Show that this is at least 4 if C admits a nontrivial automorphism with
the appropriate conditions.

11.2.12. Let E = C/(Z+Z1) be an elliptic curve, and let X = E x E. Show that the
Picard number is 3 for “most” 7, but that it is 4 for T = v/—1.

11.2.13. The ruled surface F| can be described as the blowup 7 : F; — P2 of P2 at
some point p. Let L; be a line in P? containing p, and L, another line not containing
p. Show that 7*L; = n*L, and n*L; = E + F, where E = n~!'(p) and F is the
closure in Y of L; — {p} (F is called the strict transform of L;). Use all of this to
show that E? = —1. Conclude that F; and P! x P! are not isomorphic.

11.2.14. A divisor is called (very) ample if Ox(H) is. If H is ample, then prove
that % > 0 and that H - C > 0 for any curve C C X. This pair of conditions char-
acterizes ampelness (Nakai—-Moishezon). Show that the first condition alone is not
sufficient.

11.3 Adjunction and Riemann—Roch

In this section, we introduce two of the most basic tools of surface theory. The first
result, called the adjunction formula, computes the genus of a curve on a surface.
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To set things up, recall that the canonical divisor K of a smooth projective curve
is a divisor such that O¢(K) = Qé. Since this determines K uniquely up to linear
equivalence, we can talk about the canonical divisor class K¢. A canonical divisor
Kx (class) on a surface X is divisor such that O (Kx) = Q)%. The linear equivalence
class is again well defined. For the present, we need only its image in NS(X), and
this can be defined to be ¢;(Q23).

Theorem 11.3.1. If C is a smooth curve of genus g on an algebraic surface X, then
2¢6—2=(Kx+C)-C.

Proof. Let Q)% (logC) be the Ox-module generated by rational 2-forms of the form
dzl/;dzz , where f is a local equation for C. This is the same as the tensor product
Q)% ® Ox(C). Such expressions can be rewritten as o A ‘;f, with o holomorphic.
We define the residue map Q3 (logC) — Q! by sending o A ‘?f to o|c. The kernel
consists of the holomorphic differentials Q)z(, leading to a sequence

0— Q} — Qf(logC) — QL — 0, (11.3.1)

which is seen to be exact. The holomorphic forms 7 are spanned locally by
f dzl?dzz. Thus we can identify the inclusion in (11.3.1) with the tensor product of

the map Ox(—C) — Ox with Q% @ Ox(C). The cokernel of the map just described
is Oc ® Q3(C), that is, the restriction of Q% ® Ox(C) to C. So in summary, Q/ is
isomorphic to the restriction of Q2 ® Ox (C) to C. Therefore

La@h) = [[a(@eox(©) = [ (@) +a(0x(C) = (Ke +C)-C.
C C C

The left side is the degree of the K¢, but this is 2g — 2 by Proposition 6.3.7. O

We can use this to recover the formula for the genus of a degree-d curve C C P2,
Since NS(IP?) C H?(P?) = Z, we can identify Kp> with an integer k. Therefore

1
g= 2(k+d)d+l.
When d = 1, we know that g = 0, so k = —3. Thus

¢=(d—1)(d-2)/2.

A fundamental, and rather difficult, problem in algebraic geometry is to estimate
dimH®(X, Ox(D)). As a first step, one can calculate the Euler characteristic

x(0x(D)) = ¥ (~1)dimH' (X, Ox (D))

by the Riemann—Roch formula given below. The higher cohomologies can then be
controlled in some cases by other techniques. The advantage of the Euler character-
istic is the additivity property:
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Lemma 11.3.2. If 0 — % — %, — %3 — 0 is an exact sequence of sheaves with
YAdimH' (X,.F;) < oo, then x(F2) = x(F1) + x(F3).

This is a consequence of following elementary lemma:

Lemma 11.3.3. If ) ) . .
s A S B O AT

is a finite sequence of finite-dimensional vector spaces,
Y (~1)dimB =Y (—1)'dimA’+ Y (—1)'dimC".

Theorem 11.3.4 (Riemann—Roch). If D is a divisor on a surface X, then

1D- (D—Kx) —‘y—%(ﬁx)

(Ox(D) =

Proof. We prove this under the assumption that D = Y;n;D; is a sum of smooth
curves. (In fact, by a simple trick, it is always possible to reduce to this case. The
basic idea can be found, for example, in the proof of [60, Chapter V, Theorem 1.1].)
By induction, it suffices to prove Riemann—Roch for D = D’ 4 C, where the formula
holds for D’ and C is smooth. The idea is to do induction on Y |n;|. We will use
the Riemann—Roch theorem for C as given in Exercise 6.3.16. We treat the case of
D = D’ +C, leaving the remaining case for the exercises. Tensoring the sequence

0— Ox(—C)— Ox — Oc—0

by (D) yields
0— Ox(D") — Ox(D) — O¢c(D) — 0.

Therefore, using this together with the adjunction formula and Riemann—Roch on
C, we obtain

x(Ox (D)) = x(0x (D)) + x(0c(D))
= DD~ K) + 1(6%) +deg(Dic) + 1~ (C)
= ;D’(D’ —K)+C-D— 1C(C+1<) +x(Ox)
= DD=K)+1(6%) o
Exercises

11.3.5. Find a formula for the genus of a curve in P! x P! in terms of its bidegree.

11.3.6. Given a morphism f : C — D, calculate the self-intersection of the graph 1}2.
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11.3.7. Do the case D = D’ — C in the proof of Riemann-Roch.

11.3.8. Find a formula for D - C in terms of (&' (D)), x(€(C)),x(€(C+ D)) and
x(Ox).

11.3.9. Use the formula of the previous exercise to give another proof of Proposi-
tion 11.2.4.

11.4 The Hodge Index Theorem

The next result is Hodge-theoretic, so we work with a compact Kihler surface X.
Let w denote the Kihler form.

Lemma 11.4.1. If o is a harmonic 2-form, then ® A\ ¢ is again harmonic.

Proof. By the Kéhler identities, it is enough to prove that é(a) A o) =0, which is
trivially true, and d*(w A o) = 0. By Proposition 9.3.5 and some calculation,

d*(wNa)=Ci(Ad—IdA)(wNa)=CildA(oANa) =Crdo =0
for appropriate constants Cy,C,. a

Then the form o is a closed real (1, 1)-form. Therefore the Kihler class [o] is an
element of H''(X) N H?(X,R).

Theorem 11.4.2 (Hodge index theorem). Let X be a compact Kihler surface.
Then the restriction of the cup product to (H'1(X)NH?*(X,R)) N (R[w])" is nega-
tive definite.

Proof. Around each point we have a neighborhood U such that &(1.0) (U) is a free
module. By Gram-Schmid, we can find an orthonormal basis {¢;, ¢, } for it. In this
basis, over U, we have

w=¢2_1(¢1m131+¢m$z)

and the volume form

2

0]
dvol =

1 _ _
) =—4¢1/\¢1/\¢2/\¢27

using Exercise 10.1.18. It follows from this and the previous lemma that dvol is the
unique harmonic 4-form up to scalar multiples. Choose an element o € (H''(X) N
H?(X,R)) and represent it by a harmonic real (1, 1)-form. Then over U,

a=vV-1Y ajjpiNo;
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with
aji = dij. (11.4.1)

By the previous lemma,
oA =2(ay; +ax)dvol

is also a harmonic 4-form, and therefore a scalar multiple of dvol. If « is chosen in
(R[w])*, then [ A ® =0, so that

apy+axn =0. (11.4.2)
Combining (11.4.1) and (11.4.2) yields
ano = —8(|a11|2+ |a12|2)dvol,

so globally, & A o is a negative multiple of dvol. Therefore
/ alNo <O0. ]
X

Corollary 11.4.3. If H is an ample divisor on an algebraic surface, the intersection
pairing is negative definite on (NS(X) @ R) N (R[H])™.

Proof. By Corollary 10.1.10, [H] is a Kihler class. O

Corollary 11.4.4. If H, D are divisors on an algebraic surface such that H> > 0 and
D-H =0, then D> < 0 unless [D] = 0.

Proof. This is an exercise in linear algebra using the fact that the intersection form
on (NS(X)®R) has signature (+1,—1,...,—1). O

Exercises

11.4.5. Prove that the restriction of the cup productto (H?°(X)+H"(X))NH?*(X,R)
is positive definite.

11.4.6. Conclude that (the matrix representing) the cup product pairing has 2p, +1
positive eigenvalues. Therefore p, is a topological invariant.

11.4.7. Let f : X — Y be a morphism from a smooth algebraic surface to a possibly
singular projective surface. Consider the set {D;} of irreducible curves that map to
points under f. Prove a theorem of Mumford that the matrix (D; - D;) is negative
definite.
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11.5 Fibered Surfaces*

Let us say that a surface X is fibered if it admits a nonconstant holomorphic map
f X — C to a nonsingular curve. For example, ruled surfaces and elliptic surfaces
are fibered. Not all surfaces are fibered. However, any surface can be fibered after
blowing up: Choose a nontrivial rational function X --» P!, then blow up X to get a
morphism. The fiber over p € C is the closed set f~!(p). Let z be a local coordinate
at p. Then f~!(p) is defined by the equation f*z = 0. We can regard f~!(p) as
a divisor Y, n;D;, where D; are its irreducible components and n; is the order of
vanishing of f*z along D;. Call a divisor on X vertical if its irreducible components
are contained in the fiberes.

Lemma 11.5.1. Suppose that f : X — C is a fibered surface.

(a) If F = f~Y(p) and D is a vertical divisor, then F - D = 0. In particular, F> = 0.
(b) If D is vertical, then D2 <0.

Proof. Since the fundamental class of f~!(p) is independent of p, we can assume
that F' and D are disjoint. This proves (a).

Suppose that D?> > 0, when combined with (a), we would get a contradiction to
the Hodge index theorem. O

Corollary 11.5.2. A necessary condition for a surface to be fibered is that there be
an effective divisor with F* = 0. In particular, P? is not fibered.

We can give a complete characterization of surfaces fibered over curves of genus
greater than one.

Theorem 11.5.3 (Castelnuovo—de Franchis). Suppose that X is an algebraic sur-
face. A necessary and sufficient condition for X to admit a nonconstant holomorphic
map to a smooth curve of genus g > 2 is that there exist two linear independent forms
w; € HO(X,Q}() such that w; A\ @, = 0.

Proof. The necessity is easy. If f : X — C is a holomorphic map onto a curve of
genus at least 2, then it possesses at least two linearly independent holomorphic
1-forms /. Set @; = f* /. By writing this in local coordinates, we see that these
are nonzero. But o) A @y = f* (] A @) = 0.

We will sketch the converse. A complete proof can be found in [9, pp. 123—-125].
Choosing local coordinates, we can write

o; = fi(z1,22)dz1 + gi(z1,22)dz2-
The condition @w; A @, = 0 forces

(fig2 — f281)dz1 Ndzp = 0.

Therefore f>/f1 = g»/g1. Call the common value F. Thus @, = F ;. Since the @
are globally defined, F = @,/ ®; defines a global meromorphic function X --» P!,
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By Corollary 11.1.10, there exists ¥ — X that is a composition of blowups such
that F extends to a holomorphic function F’ : ¥ — P!, The fibers of F’ need not be
connected. Stein’s factorization theorem [60] shows that the map can be factored as

vy Zc-p,

where @ has connected fibers and C — P! is a finite-to-one map of smooth projec-
tive curves. To avoid too much notation, let us denote the pullbacks of w; to Y by w;
as well. We now have a relation @, = ®w;.

We claim that the @; are pullbacks of holomorphic 1-forms on C. We will check
this locally around a general point p € Y. Since the @; are harmonic (by Exer-
cise 10.2.9) and therefore closed,

dw, =d® A =0. (11.5.1)

Let 11 be a local coordinate centered at @(p) € C. Let us also denote the pullback of

this function to neighborhood of p by t;. Then we can choose a function #, such that

11,1 give local coordinates at p. Then (11.5.1) becomes dt; A w; = 0. Consequently,

o) = f(t1,)dt, for some function f. The relation dw; = 0 implies that f is a

function of #; alone. Thus @; is locally the pullback of a 1-form on C, as claimed.

The same reasoning applies to @,. This implies that the genus of C is at least two.
The final step is to prove that blowing up was unnecessary. Let

Y=, %% X

be a composition of blowups at points p; € Y;. Then 7, 1(pz) =~ P!, Any map from
P! to C is constant, since it has positive genus. So we conclude that ¥ — C factors
through Y7, and then likewise through Y, and so on until we reach Y. a

An obvious corollary is the following:

Corollary 11.5.4. If g > 2 and pg, = 0, then X admits a nonconstant map to a curve
as above.

Exercises

11.5.5. Given an elliptic surface X, show that Ky is vertical. Conclude that K,z( <0.

11.5.6. Show that X maps onto a curve of genus > 2 if ¢ > p, + 1. (This bound can
be sharpened to (p, + 3)/2, but the argument is more delicate; cf. [9, IV, 4.2].)



Chapter 12
Hodge Structures and Homological Methods

Our next goal is to make the Hodge decomposition functorial with respect to holo-
morphic maps. This is not immediate, since the pullback of a harmonic form along
a holomorphic map is almost never harmonic. The trick is to state things in a way
that depends only on the complex structure: a cohomology class is of type (p,q) if
it can be represented by a form with p dz;’s and by a form with g dz;’s. Of course,
just making a definition is not enough. There is something to be proved. The main
ingredients are the previous Hodge decomposition for harmonic forms together with
some homological algebra, which we develop here.

Although projective manifolds are Kéhler, there are examples of algebraic mani-
folds that are not. One benefit of this homological approach is that it will allow us
to extend the decomposition to these manifolds where harmonic theory alone would
be insufficient.

The articles and books by Deligne [24], Griffiths and Schmid [50], Peters and
Steenbrink [95], and Voisin [115, 116] cover this material in more detail.

12.1 Pure Hodge Structures

It is useful to isolate the purely linear algebraic features of the Hodge decom-
position. We define a pure real Hodge structure of weight m to be a finite-dimensional
complex vector space with a real structure Hg, and a bigrading

H= @ HP4

ptq=m

satisfying HP4 = H4P. We generally use the same symbol for Hodge structure and
the underlying vector space. A (pure weight m) Hodge structure is a real Hodge
structure H together with a choice of a finitely generated abelian group Hy, and an
isomorphism Hz ® R = Hy. Even though the abelian group Hz, may have torsion, it

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 203
DOI 10.1007/978-1-4614-1809-2_12, © Springer Science+Business Media, LLC 2012
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is helpful to think of it as a “lattice” in Hg. Rational Hodge structures are defined in
a similar way.

Before continuing with the abstract development of Hodge structures, we need
to ask the obvious question. Why is it useful to consider these things? More specifi-
cally, why is it useful for algebraic geometry? To answer, we observe that algebraic
varieties tend to come in families. For example, we may simply allow the coeffi-
cients of the defining equations to vary. Thus varieties tend to come with natural
“continuous” parameters. The cohomological invariants considered up to now are
discrete. Hodge structures, however, also have continuous parameters that some-
times match those coming from geometry. The simplest example is very instructive.
Start with an elliptic curve X; = C/(Z + Zt) with 7 in the upper half plane H.
We can identify 1 : H'(X;,C) = C? by mapping a closed differential form o to
(Jo e, J o), where the paths of integration are lines. Then

H'" = Ci(dz) =C(1,7).

So in this case, we recover the basic parameter 7 and therefore the curve itself from
its Hodge structure.
Given a pure Hodge structure, define the Hodge filtration by

FPHe = 9 H™.
p'>p

In many situations, the Hodge filtration is the more natural object to work with. This
determines the bigrading thanks to the following lemma:

Lemma 12.1.1. If H is a pure Hodge structure of weight m, then
He = Fp@meerl

for all p. Conversely, if F* is a descending filtration satisfying F* = Hc and F? =0
for some a,b € 7 and satisfying the above identity, then

HP! = FPOF4

defines a pure Hodge structure of weight m.

The most natural examples of Hodge structures come from compact Kéhler mani-
folds: if Hz = H'(X,Z) with the Hodge decomposition on H'(X,C) =2 H; ® C, then
we get a Hodge structure of weight i. It is easy to manufacture other examples.
For every integer i, there is a rank-one Hodge structure Z(i) of weight —2i. Here
the underlying space is C, with H(=>~) = C and lattice Hz, = (27t1/—1)'Z (these
factors should be ignored on first reading). The collection of Hodge structures forms
a category HS, where a morphism is a linear map f preserving the lattices and
the bigradings. In particular, morphisms between Hodge structures with different
weights must vanish. This category has the following operations: direct sums of
Hodge structures of the same weight (we will eventually relax this), and (unres-
tricted) tensor products and duals. Explicitly, given Hodge structures H and G of
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weights n and m, their tensor product H ®z G is equipped with a weight-(n + m)
Hodge structure with bigrading

/11

HoG)M= P HY' oGP

p; +P:::I7
q+q"=q

If m = n, their direct sum H & G is equipped with the weight-m Hodge structure

(H® G)P = @ HP &GP,
p+q=m

The dual H* = Hom(H,Z) is equipped with a weight-(—n) Hodge structure with
bigrading
() = (H Py

The operation H — H(i) = H ® Z(i) is called the Tate twist. It has the effect of
leaving H unchanged and shifting the bigrading by (—i, —i).

Exercises

12.1.2. Show that there are no free rank-one pure Hodge structures of odd weight,
and up to isomorphism a unique rank-one Hodge structure for every even weight.
12.1.3. Show that Homys (Z(0), H* ® G) = Homys(H, G).

12.1.4. Prove Lemma 12.1.1.

12.1.5. Given a g-dimensional complex torus 7', use Exercise 10.3.9, that T =2
AlIb(T), to conclude that T’ can be recovered from the Hodge structure H = H'(T').

12.2 Canonical Hodge Decomposition

The Hodge decomposition involved harmonic forms, so it is tied up with the Kahler
metric. It is possible to reformulate it so as to make it independent of the choice of
metric. Let us see how this works for a compact Riemann surface X. We have an
exact sequence

OH(CX—>ﬁX—>Q)1(—>O,

and we saw in Lemma 6.2.8 that the induced map

H(X,Qy) — H'(X,C)
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is injective. If we define

F'H'(X,C) = H'(X,C),
F'H'(X,C) = im[H°(X,Qx) — H'(X,C)],
F*H'(X,C) =0,

then this together with the isomorphism H'(X,C) = H'(X,Z) ® C determines a
pure Hodge structure of weight 1. To see this, choose a metric, which is automati-
cally Kihler because dimX = 1. Then H'(X,C) is isomorphic to a direct sum of
the space of harmonic (1,0)-forms, which maps to F!, and the space of harmonic
(0, 1)-forms, which maps to F'.

Before proceeding with the higher-dimensional version, we need some facts from
homological algebra. Let

C’:—>---C“i>C“+l—>---

be a complex of vectors spaces (or modules or ...). It is convenient to allow the
indices to vary over Z, but we will require that it be bounded below, which means
that C% = 0 for all a < 0. Let us suppose that each C' is equipped with a filtration
FPC' D FPTIC! O ..., that is preserved by d, i.e., dFPC' C FPC™!. This implies
that each FPC* is a subcomplex. We suppose further that F'® biregular, which means
that for each i there exist @ and b with FC’ = C' and F’C' = 0. We get a map on
cohomology

9P A (FPCT) — °(C),
and we let FP#*(C®) be the image. Define Gr? #(C*) = FP. ' (C*)/FP+!
A1(C*). When C*® is a complex of vector spaces, there are noncanonical isomor-
phisms

H'(C*)=EPGrra(C).

p

The filtration is said to be strictly compatible with differentials of C®, or simply just
strict, if all the ¢”’s are injective. Let Gri.C* = GrP’C® = FPC®/FP+1C®. Then we
have a short exact sequence of complexes

0— FPYIC — FPC — Gr’C — 0,

from which we get a connecting map & : 5 (Gr”C*) — ! (FP*C*). This can
be described explicitly as follows. Given X € ' (GrPC*®), it can be lifted to an
element x € FPC' such that dx € FPH1C™*!. Then §(X) is represented by dx.

Proposition 12.2.1. The following are equivalent:

(1) Fis ;trict. ' '
(2) FPC*'NdC = dFPC' for all i and p. '
(3) The connecting maps & : A (GrPC®) — A (FPHIC®) vanish for all i and p.

Proof. This proof is due to Su-Jeong Kang.
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(1)= (2). Suppose that z € FPCT' NdC!. Then z = dx € FPC'*! for some x € C".
Thus we have z € ker[d : FPC'*! — FPC™2]. Let 7 € s+ (FPC*) denote the coho-
mology class of z. Note that ¢”(Z) = 0, since z = dx. Hence from the assumption
that F is strict, 7 = 0 in J#"+! (FPC®), or equivalently z = dy for some y € FPC'.
This shows that F?C'T! NdC! C dFPC'. The reverse inclusion is clear.

(2) = (3). Let x € J'(GrPC®). This lifts to an element x € FPC' with dx €
FPHLC1 a5 above. Then from the assumption (2), we have

dx € FPT'C ndCl = dFPHICL
Since & (%) is represented by dx, we have §(%) = 0 in sZF1(FPHIC®).
(3) = (1). For each i, ¢” can be expressed as finite a composition
H(FPC®) — A (FP7IC®) — A (FP72C*) —
These maps are all injective by assumption, since their kernels are the images of the
connecting maps. O

Corollary 12.2.2. Gr? 7'(C*) is a subquotient of '(GrPC®), which means that
there is a diagram ' A A
H(GrPC®) DI — GrP A (C*)

where the last map is onto. Isomorphisms GrP 7' (C®) = I'? = ' (GrPC®) hold
forall i, p if and only if F is strict.

Proof. LetI"? =im[ ' (FPC®) — #'(GrPC®)]. Then the surjection 5 (FFC®) —
GrP#'(C®) factors through /. The remaining statement follows from (3) and a
diagram chase. O

Corollary 12.2.3. Suppose that C* is a complex of vector spaces over a field such
that dim ' (GrPC®) < oo for all i, p. Then

dim#'(C*) <Y dim " (GrPC*),

and equality holds for all i if and only if F is strict, in which case we also have
dimFP " (C*) = 2 dlm%”’(Grp C*).
P'zp

Proof. We have

dim2'(C*) =Y dimGrP 4 (C*) < Zdlm[’p < dim " (Gr’C*),
2 P

and equality is equivalent to strictness of F' by the previous corollary. The last state-
ment is left as an exercise. g

These results are usually formulated in terms of spectral sequences, which we
have chosen to avoid. In this language, the last corollary says that F is strict if and
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only if the associated spectral sequence degenerates at £. This is partially explained
in the exercises.

Let X be a complex manifold. Then the de Rham complex &°(X) has a filtration
called the Hodge filtration:

Fr&s(x z & £10.¢
p'>p
Its conjugate equals
Fi&°(X z 5pq
/>q

Theorem 12.2.4. If X is compact Kdhler, the Hodge filtration is strict. The associ-
ated filtration F*H' (X ,C), on cohomology, gives a Hodge structure

H'(X,Z)® C=H'(X,C)= € HM(X
ptq=i

of weight i, where
HP(X) =FP ' (X,C)NFIH'(X,C) = HI(X,QF).

Proof. Dolbeault’s theorem (Corollary 9.2.3) implies that J29(GrP&* (X)) =
%”q(éa)gp")(X)) is isomorphic to HY(X,QF). Therefore F is strict by
Corollary 12.2.3 and the Hodge decomposition. By conjugation, we see that F is
also strict. Furthermore, these facts together with Corollary 12.2.3 give

dimFPH (X, C) = kPP (X) + kPPl (X) 4. (12.2.1)
and
dim FPH HI(X,C) = hP~ VP (X)) 4 nP= 2P (X)) (12.2.2)

A cohomology class lies in FPH!(X,C) (respectively Fi~PT1Hi(XC)) if and only
if it can be represented by a form in FP&*(X) (respectively F'~P*1£*(X)). Thus
Hi(X,C) is the sum of these subspaces. Using (12.2.1) and (12.2.2), we see that it
is a direct sum. Therefore the filtrations determine a pure Hodge structure of weight
ion H'(X,C). O

Even though harmonic theory is needed to verify that this Hodge structure, it
should be clear that it involves only the holomorphic structure and not the metric.
Thus we have obtained a canonical Hodge decomposition. The word canonical is
really synonymous with functorial:

Corollary 12.2.5. If f : X — Y is a holomorphic map of compact Kihler mani-
folds, then the pullback map f* : H'(Y,Z) — H'(X,Z) is compatible with the Hodge
structures.
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Corollary 12.2.6. If X is compact Kdihler, the maps
HY(X,QP) — HI(X, QI

induced by differentiation vanish. In particular, global holomorphic differential
forms on X are closed.

Proof. This follows from strictness, as will be explained in the exercises. O

This corollary, and hence the theorem, can fail for compact complex non-Kéhler
manifolds. An explicit example is described in the exercises.

Theorem 12.2.7. If X is a compact Kdhler manifold, the cup product
H' (X)® H/(X) — H™(X)
is a morphism of Hodge structures.
The proof comes down to the observation that
FPESNF1&* CFPHage.

For the corollaries, we work with rational Hodge structures. We have compati-
bility with Poincaré duality:

Corollary 12.2.8. If dimX = n, then Poincaré duality gives an isomorphism of
Hodge structures ' '
H'(X) = [H"/(X)")(—n).

We have compatibility with the Kiinneth formula:

Corollary 12.2.9. If X and Y are compact Kihler manifolds, then

P H (X)oH/(Y)=H*(X xY)
i+j=k

is an isomorphism of Hodge structures.

We have compatibility with the Gysin map:

Corollary 12.2.10. If f : X — Y is a holomorphic map of compact Kdhler manifolds
of dimension n and m respectively, the Gysin map is a morphism

H(X) — H20=1(y) (n—m).

Exercises

12.2.11. Finish the proof of Corollary 12.2.3.
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12.2.12. Let C*® be a bounded-below complex with biregular filtration F°. Define
EP? = HP*4(GrPC®) and d; : EPY — EP as the connecting map associated to

0 — Gr’tICc® — FPC* JFPT2C® — GrPC® — 0.

Show that d; = 0 if F* is strict. (The converse is not quite true, as we will see
shortly.)

12.2.13. When C* = &°*(X) with its Hodge filtration, show that E{? = H4(X, Q¥)
and that d; is induced by o — da on d-cohomology. Conclude that these maps
vanish when X is compact Kéhler.

12.2.14. Continuing the notation from Exercise 12.2.12. Suppose that d; = 0 for all
indices. Constructamap d, : E'Y — EY 241 that fits into the commutative diagram

HPH(GrP)

A K\
HPH4(FP [ FPT3) > HPT4(FP [FP+2) > HPTat (GrP+2)

Show that d, = 0 if F* is strict. Optional messy part: If di = d, = 0, define ds :
O 73472 efc. in the same way, and check that strictness is equivalent to the
vanishing of whole lot.

12.2.15. Given a commutative ring R, let U3(R) be the space of upper triangular

3 x 3 matrices
1xz

01y
001

with entries in R. The Iwasawa manifold is the quotient U3 (C)/U3(Z + Z+/—1).
Verify that this is a compact complex manifold with a nonclosed holomorphic form
dz — xdy.

12.3 Hodge Decomposition for Moishezon Manifolds

A compact complex manifold need not have any nonconstant meromorphic func-
tions at all. At the other extreme, a compact manifold X is called Moishezon if
its field of meromorphic functions is as large as possible, that is, if it has transcen-
dence degree equal to dimX (this is the maximum possible by a theorem of Siegel
[104]). This is a very natural class of manifolds, which includes smooth proper alge-
braic varieties. Moishezon manifolds need not be Kihler; explicit examples due to
Hironaka can be found in [60, Appendix B]. Nevertheless, Theorem 12.2.4 holds for
these manifolds. A somewhat more general result is true. Let us say that a holomor-
phic map between complex manifolds is bimeromorphic if it is a biholomorphism
between dense open sets.
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Theorem 12.3.1. Suppose that X is a compact complex manifold for which there
exist a compact Kdihler manifold and a surjective holomorphic bimeromorphic map
f:X — X. Then X possesses a canonical Hodge decomposition on cohomology
described exactly as in Theorem 12.2.4.

Corollary 12.3.2. The Hodge decomposition holds for Moishezon manifolds.

Proof. Moishezon [88] proved that that there exists a bimeromorphic map X — X,
in fact a blowup, with X smooth projective. O

We have already proved a special case of Serre duality for Kéhler manifolds.
In fact, the result holds for a general compact complex manifold X. There is a pairing

() HI(X, Q) @H"9(X,Qy ') —C (12.3.1)

induced by
(@)~ [ an.
X
Theorem 12.3.3. Suppose X is a compact complex manifold. Then

(a) (Cartan) dimHY (X, Q%) < oo.
(b) (Serre) The pairing (12.3.1) is perfect.

Proof. Both results can be deduced from the Hodge decomposition theorem for the
d-operator, which works regardless of the Kéhler condition. See [49]. a

We outline the proof of Theorem 12.3.1. Further details can be found in [23, 28].
Proof. Let n =dimX. There is a map

fTHY(X,QF) — HY(X,QF)

that is induced by the map o — f*a of (p,q)-forms. We claim that the map f* is
injective. To see this, define a map

£ HY(R,Q5) —: HI(X, Qf),

analogous to the Gysin map, as the adjoint (fio, ) = (o, f*B). We leave it as
an exercise to check that fi f*(o) = o This proves injectivity of f* as claimed.
By similar reasoning, f*H'(X,C) — H'(X,C) is also injective.

We claim that F is strict. As we saw in previous exercises (12.2.12,12.2.14), this
is equivalent to the vanishing of the differentials d;,d;.... We check only the first
case, but the same reasoning works in general. Consider the commutative diagram

d
HY(Qf) "= HIQL
f* f*
v i \ 1
HIQE) = HiQb™)

Since the bottom d; vanishes, the same goes for the top.
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The filtration F' can also be shown to be strict. We can now argue as in the proof
of Theorem 12.2.4 that the filtrations give a Hodge structure on H'(X). O

Exercises

12.3.4. Check that (f*o, f*) = (¢, ), and deduce the identity f.f* o = o used
above.

12.4 Hypercohomology*

At this point, it is convenient to give a generalization of the constructions from
Chapter 4. Recall that a complex of sheaves is a possibly infinite sequence of sheaves

Fi d & gitl al

satisfying d'*'d’ = 0. We say that the complex is bounded (below) if finitely many
of these sheaves are nonzero (or if %' = 0 for i < 0). Given any sheaf .% and natural
number 1, we get a bounded complex .7 [n] consisting of .% in the —nth position,
and zeros elsewhere. The collection of bounded (respectively bounded below) com-
plexes of sheaves on a space X form a category C?(X) (respectively C* (X)), where
a morphism of complexes f : &* — #* is defined to be a collection of sheaf maps
&' — F' that commute with the differentials. This category is abelian. We define
additive functors . : C*(X) — Ab(X)

H(F*) =ker(d")/im(d" ).

A morphism f: & — .Z* in CT(X) is a called a quasi-isomorphism if it induces
isomorphisms 7 (&£*) = 7#'(.#*) on all the sheaves.

Theorem 12.4.1. Let X be a topological space. Then there are additive functors
H' : C*(X) — Ab, withi € N, such that

(1) For any sheaf %, H\(X,.Fn]) = H(X,.F).
(2)If0 — &° — F°* — 4* — 0 is exact, then there is an exact sequence

0—H'(X,&*) - H'(X,.Z°) - H'(X,9°) — H'(X,&°) —

(3)If &* — F* is a quasi-isomorphism, then the induced map H'(X,&*) —
H'(X,.%*) is an isomorphism.

H(X,&*) is called the ith hypercohomology group of &°.
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Proof. We outline the proof. Further details can be found in [44], [68], or [118].
We start by redoing the construction of cohomology for a single sheaf .%. The
functor G defined in Section 4.1, gives a flasque sheaf G(.%) with monomorphism
F — G(.F). The sheaf C' (.%) is the cokernel of this map. Applying G again yields
a sequence

F — G(F) — G(C'(F)).

By continuing as above, we get a resolution by flasque sheaves
F —-GUZF) -G (F)— -

Theorem 5.1.4 shows that H'(X,.#) is the cohomology of the complex
I'(X,G*(%)), and this gives a clue how to generalize the construction. The complex
G* is functorial. So given a complex

d il

RN A ,

we get a commutative diagram

Tl > yﬂrl
v v
GO(yz) >G0(ﬁi+l)
d ad

We define the total complex
TN(F*) = @ GP(71)
prg=i
with a differential 6 = d + (—1)90d. We can now define
H (X,.Z°)=H((X,7°%(9))).

When applied to .7 [n], this yields H II'(X,G*(F))[n]), which as we have seen is
H'(X,.7), and this proves (1).
(2) can be deduced from the exact sequence

0— T(F*) = T*(G*) — T (F*) =0

given in the exercises.

We now turn to the last statement, and prove it for bounded complexes. For any
complex &° of sheaves (or elements of an abelian category), we can introduce the
truncation operator given by the subcomplex
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&P if i < p,
1<, 8 = { ker(6P — &P1Y) ifi=p,
0 otherwise.

Truncation yields an increasing filtration T<, or a decreasing filtration 7<_,. The
key property is given in the following lemma:

Lemma 12.4.2. There is an exact sequence of complexes
0= Teg 18" = 14 — HUE)[—q] = 0
for each q.

A quasi-isomorphism &* — .%* induces a quasi-isomorphism T<,&™® — T<,.#*
for each ¢g. Thus the lemma can be applied to get a diagram with exact rows:

> H(T<4-16") =M (t<g6%)  =HI(X1E%)) >+

\% \% \%
St F*) = H(1, 7)) =H-EY)) =

Thus (3) follows by induction on g. a

The precise relationship between the various (hyper) cohomology groups is
usually expressed by the spectral sequence

EVT=HI(X,&P) = HPH(&°).

There are a number of standard consequences that we can prove directly. The first
is a refinement of Theorem 5.1.4.

Corollary 12.4.3. If & is a bounded complex of acyclic sheaves, then H (X,&°) =
H('(X,&*)).

Proof. There is a map of complexes I'(X,&°) — I'(X, 7 °*(#*)) inducing a map
H{(['(X,&%)) — H(X,&*). We have to check that this is an isomorphism. We do
this by induction on the length, or number of nonzero terms, of &°*. With the help of
the “stupid” filtration,

OPE =P =... 50— EP - &P
is gotten by dropping the first p — 1 terms of the complex. We have an exact sequence

0 £2rtl _, g2r &EP[—p] —0 (12.4.1)
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leading to a commutative diagram

SHTXGEZPT) = HTXED) = HIET-p)) =
=] f =]
SH(X, 6 -HXE)  -HXET-p) >

with exact rows. The arrows marked by = are isomorphisms by induction. Therefore
f is an isomorphism by the 5-lemma. O

Corollary 12.4.4. Suppose that &° is a bounded complex of sheaves of vector
spaces. Then
dimH (£°) < Y dimH?(X,&7).
ptq=i
Proof. The corollary follows by induction on the length (number of nonzero entries)
of &* using the long exact sequences on hypercohomology coming from (12.4.1).
O

Corollary 12.4.5. Suppose that &° is a bounded complex with H1(X,&P) = 0 for
all p+q=i. Then H/(&*) = 0.

We can extract one more corollary, using Lemma 11.3.3.
Corollary 12.4.6. If > dimH?(X ,&P) < e, then

Y (1) dimH (&%) = Y (—1)" " dimH(X,&7).

In order to facilitate the computation of hypercohomology, we need a criterion
for when two complexes are quasi-isomorphic. We will say that a filtration

E* DFPE* DFPHIL D ...

is finite (of length < n) if &° = F*&* and F*"&* = 0 for some a.

Lemma 12.4.7. Let f : &° — F° be a morphism of bounded complexes. Suppose
that FP&* and GP F* are finite filtrations by subcomplexes such that f(FP&®) C
GP.Z*. If the induced maps

Grp(6°) — Grg(F°)

are quasi-isomorphisms for all p, then f is a quasi-isomorphism.

Exercises

12.4.8. If T is a bounded complex with zero differentials, show that H (X,7°) =
®HTI(X, 7).

12.4.9. Prove Lemma 12.4.7 by induction on the length.
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12.5 Holomorphic de Rham Complex*

Let X be a C* manifold. We can resolve Cx by the complex of C* forms &y . In other
words, Cy and &y are quasi-isomorphic. Since &Y is acyclic, it follows that

H'(X,Cx) =H'(X,Cx[0]) 2 H(X,&) = H (I(X,&)).

We have just re-proved de Rham’s theorem.
Now suppose that X is a (not necessarily compact) complex manifold. Then we
define a subcomplex
Freg="3 &1,
p'zp
The image of the map
H' (X, FP&7) — H'(X, &%)

is the filtration introduced just before Theorem 12.2.4. We want to reinterpret this
purely in terms of holomorphic forms. We define the holomorphic de Rham complex
by

ﬁ’x—>Q)l(—>Q)2(—>---.

We have a natural map Qg — &y that takes o” to F?, where 67 Qg3 = Q;p .
Dolbeault’s Theorem 9.2.3 implies that F7 /FP*! is quasi-isomorphic to 67 /P! =
QF[—p|. Therefore, Lemma 12.4.7 implies that Qy — &, and more generally
oPQy — FP&y, are quasi-isomorphisms.

Lemma 12.5.1. H'(X,C) = H/(X,Q3) and FPH'(X,C) is the image of H! (X, Q5.
When X is compact Kéhler, Theorem 12.2.4 implies that the map
H (X, 0Q57) — H (X, Q)
is injective.
From Corollaries 12.4.4, 12.4.5, 12.4.6 we obtain the following result.

Corollary 12.5.2. If X is compact, the ith Betti number satisfies

bi(X) < Y, dimH!(X,QY),
ptq=i

and the Euler characteristic satisfies

Q
~~
o

Il

|

[
—
&
—~~
o

I

Y (~1)P*dimH(X, Q).

Corollary 12.5.3. [f HY(X, Q%) = 0 for all p+q =i, then H (X,C) = 0.

The next corollary uses the notion of Stein manifold that will be discussed later,
in Section 16.1. For the time being, we note that Stein manifolds include smooth
affine varieties. The above results give nontrivial topological information for this
class of manifolds.
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Corollary 12.5.4. Let X be a Stein manifold, or in particular a smooth affine variety.
Then H'(X,C) =0 fori > dimX.

Proof. This follows from Theorem 16.3.3. a

Exercises

12.5.5. Suppose that H(X,.%#) = 0 for i > N and any locally free sheaf .%. Show
that b;(X) =0 for i > N+ dimX.

12.5.6. Show that the inequality in Corollary 12.5.2 is strict for the Iwasawa mani-
fold defined in Exercise 12.2.15).

12.6 The Deligne-Hodge Decomposition*

We fix the following: a smooth hypersurface (also called a smooth divisor) X C
Y in a projective smooth variety. Let U =Y — X. Our goal is to understand the
cohomology and Hodge theory of U. This can be calculated using C* differential
forms &, but it will more useful to compute this with forms having controlled
singularities. We define Qf (xX) to be the sheaf of meromorphic p-forms that are
holomorphic on U. This is not coherent, but it is a union of coherent subsheaves
QF (mX) of mermorphic p-forms with at worst poles of order m along X. We also
define Q7 (log X ) C ©F(1X) as the subsheaf of meromorphic forms & such that both
a and da have simple poles along X. If we choose local coordinates zj,...,z, so
that X is defined by z; = 0, then the sections of £/ (logX ) are locally spanned as an
Ox module by

bl

dzy Ndziy N+ Ndz;
{dzil/\.../\dzip|ij>l}U{ Poo ’”}

21
Q3 (logD) C Qp(+X) is a subcomplex.
Proposition 12.6.1. There are isomorphisms
H'(U,C) = H(Y,Qp(logX)) = H (Y, Q5 (+X)).

Proof. Details can be found in [49, pp. 449-454]. The key point is to show that the
inclusions
Qp(logX) C Qp(xX) C ji & (12.6.1)

are quasi-isomorphisms, where j : U — Y is the inclusion. This can be reduced
to a calculation in which Y is replaced by a disk with coordinate z, and with X
corresponding to the origin. Then (12.6.1) becomes
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Op > Ynez Op" ~Cp o
d d d
\ % \
Op® =T,z Opdz = E),
d
v
2
Ep—o

The cohomology in each column is C in degrees 0, 1, and horizontal maps induce
isomorphisms between these. O

The spaces in the proposition on the right carry natural filtrations. The Hodge
filtration

FPHM (U) =im[H ! (0— QF (logX) — Q0 (log X) — -+ ) = H* (5 (log X))]
and the pole filtration induced by
Pole? ™ (U) =im[H* (--- - 0— QP (X) - QP (2X) — - ) - HT (Qp (+X))].

It follows more or less immediately that F” C Pole”. Equality need not hold in
general, but it does in an important case studied later, in Section 17.5.
In order to relate this to the cohomology of X, we use residues. We have a map

Res : Q(logX) — Q0" (12.6.2)

called the Poincaré residue map, given by

Res (oc/\ dm) = ox.

21

Res commutes with d. Therefore it gives a map of complexes

Qy (logX) — Qx[-1],
where [— 1] indicates a shift of indices by —1. This induces a map

H'(U,C) =H(Qy(logX)) — H '(X,C).

After normalizing this by a factor of 27:\1/—1 , it takes integer cohomology to integer
cohomology (modulo torsion). This can be described topologically as a composition

H'(U) — H'(Tube) = H1(X),

where Tube is a tubular neighborhood and the second map is the inverse of the Thom
isomorphism, §5.5. The residue map is an epimorphism of sheaves, and the kernel
is precisely the sheaf of holomorphic forms. So we have an exact sequence
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0— Qp — Qp(logX) — Qg[—1] — 0, (12.6.3)
which leads to a long exact sequence
= HY(Q) — HI(Qf (logX)) — Hq(sz*l) — H‘”l(Q{,’) — - (12.6.4)
> H(Y,C) = H(U,C)— H'(X,C) L HT (¥y,C) — - . (12.6.5)
The second is called the Gysin sequence. Indeed, ¥ is the Gysin map.
Theorem 12.6.2 (Deligne). The Hodge filtration on H'(U,C) is strict, i.e., the maps
(0 — 28 (logX) — QF ! (logX) — +-+) — H* (2} (log X))
are injective. In particular, there is a (noncanonical) decomposition

H'(U,C)= P HI(Y,Q)(logX)).
ptq=i

Proof. By Corollary 12.2.3, it is enough to prove that

dmH' (U) = Y, dimH?(Y,Q} (logX)).
ptq=i

From (12.6.4) and (12.6.5), we get
dim H?(Qy (logX)) = dimker[H?(Q5~") — HIT1(Q])]
+dimim[HI Q) — HI(QP)]
and
dimH'(U) = dimker[H' "' (X) — H™™ (V)] + dimim[H'~(X) — H'(Y)].
Combining the last equation with Corollaries 12.2.5 and 12.2.10 shows that
dimH'(U) = Y dimker[HI(Q} ") — HT"(Q])]
+ Y dimim[HT Q) — HI(Q))]
=Y dimH(Y, Q) (logX)). 0

Corollary 12.6.3 (Weak Kodaira vanishing). If X is a smooth divisor such that
U =X —Y is affine, then H'(Y, Q! @ Oy(X)) = 0 for i > 0.

Proof. By Theorem 12.6.2 and Corollary 12.5.4,

dimH'(Y,Q}(logX)) < dimH™(U,C) =0



220 12 Hodge Structures and Homological Methods
when i > 0. A direct calculation shows that
Qf(logX) = Q}(X) 2 Q) @ Oy(X). |

Here is a more useful form.

Corollary 12.6.4 (Kodaira vanishing). If L is an ample line bundle, then
H(Y,Q}®L)=0

fori>O.

Proof. Here is the outline. By assumption, L*" = 0y (1) for some m > 0.
By Bertini’s theorem, we can choose a hyperplane H C P" such that X =Y NH
is smooth. Note that @ (X) = L®™ and Y — X is affine. So when m = 1, we can apply
the previous corollary. In general, one can construct a nonsingular cover 7 : Y’ — Y
branched over X, which locally is given by y" = f, where f = 0 is the local equation
for X. A precise construction can be found in [77, vol. I, Proposition 4.1.6], along
with the proof of the following properties:

1. The set-theoretic preimage X’ = 7~ 'X is again smooth,

2. L' = 7*L has a smooth section vanishing along X’ without multiplicity, or to be
more precise, O(X') 2 L.

3. The cohomology H'(Y, €y ® L) injects into H'(Y',Q7, @ L').

The last property follows from [77, Lemma 4.1.14] plus Serre duality
[60, Chapter III, Corollary 7.7]. Thus the result follows from the previous corollary
applied to (Y, X’). O

Remark 12.6.5. Kodaira proved a slightly different statement, where ampleness was
replaced by positivity in a differential-geometric sense (cf. [49, Chapter 1§2]). This
form was used in the proof of the Kodaira embedding theorem, Theorem 10.1.11.
The embedding theorem then implies that positivity and ampleness are, a posteriori,
equivalent conditions for line bundles.

Deligne [24] proved (a refinement of) Theorem 12.6.2 en route to constructing a
mixed Hodge structure on cohomology. This is roughly something given by gluing
pure Hodge structures of different weights together. More formally, a mixed Hodge
structure is given by a lattice H with two filtrations W and F defined over Q and
C respectively so that F induces a pure rational Hodge structure of weight k& on
W, /W,_1 for each k. In the case of H'(U), where U is the complement of a smooth
divisor in a smooth projective variety X, we have

0 if k <1,
WH (U, Q) = { imH (Y,Q) ifk=i,
H(U,Q) otherwise.
A fairly detailed introduction to mixed Hodge theory can be found in the book by

Peters and Steenbrink [95]. Since we can barely scratch the surface, we will be
content to give a simple example to indicate the power of these ideas.
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Example 12.6.6. Given an elliptic curve E, we have seen that H' (E) with its Hodge
structure determines £. Now remove the origin 0 and a nonzero point p and consider
the mixed Hodge structure on H'(E — {0, p}). This determines the complement
E —{0,p} by the work of Carslon [16].

Exercises

12.6.7. Work out (12.6.4) and (12.6.5) explicitly when ¥ = P? and X is a smooth
curve of degree d.

12.6.8. Show that forms in H%(Y, Q/ (logX)) are closed. Is this necessarily true for
forms in HO(Y, Q) (kX))?

12.6.9. Verify the isomorphism Q}(logX) = Qf ® Oy(X) used in the proof of
Corollary 12.6.3.



Chapter 13
Topology of Families

In this chapter, we make a brief detour and study some aspects of the topology of
families of algebraic varieties that will be used later on. As we will see, a family of
smooth projective varieties is locally trivial topologically; in particular, all the fibers
are diffeomorphic. However, the global topology may be nontrivial. An important
measure of the nontriviality is the monodromy, which roughly tells us what happens
to cycles when they are transported around a loop. This can also be understood using
sheaf theory.

13.1 Topology of Families of Elliptic Curves

We briefly encountered elliptic surfaces earlier. Let us analyze the topology of a
couple of examples in some detail. We start with a local example over a disk. Recall
from Section 1.4 that the curve E; = C/Z+ Z is given by the Weierstrass equation

Y2 =4x — gy(1)x — g3(1), (13.1.1)
where the coefficients g, (7) are constant multiples of the Eisenstein series

| -
2 )(m+m')2k: ZmZ"—~_22 Z (m+nt)?

(m,n)#(0,0 n=1m=—oo

Since these are invariant under 7 +— 7+ 1, they can be expanded in a Fourier series,
or equivalently in a Laurent series in ¢ = exp(—27it). The explicit formulas, which
can be found in [106, Chapter 1, §7], show that the g, () are holomorphic functions

%e(q)-

Example 13.1.1. Therefore, we have a surface given by

& ={(lx,»2,q) €EP*xD|zy* =4x = p(g)x—1(q)},

which maps to the unit disk D via projection, denoted by 7.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 223
DOI 10.1007/978-1-4614-1809-2_13, © Springer Science+Business Media, LLC 2012
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The fiber over g # 0 is just the elliptic curve E; for any (normalized) logarithm ©
of g. The fiber over ¢ = 0 is a nodal cubic. Topologically, this is obtained by gluing
together two points on a sphere.

In order to get a better feeling for this space, let us give a more direct construction
of &* =& —n1(0). Let I" be the semidirect product Z> x Z, where k € Z acts
by the matrix ((1) ’f) More explicitly, the elements are triples (m,n,k) € Z* with
multiplication

(m,n,k)-(m',n' k') = (m+m' +kn' ,n+n' k+1).
Let I' act on the product C x H of the complex and upper half-planes by
(m,n,k) : (z,t) — (z+m+nt,7+k).

The quotient gives back the same family
T—q
& —H/Z = D*

over the punctured disk. As Riemann surfaces, the fibers &* — D* are all non-
isomorphic. But the C™ picture is much simpler. All the fibers are diffeomorphic
to the same torus, which we will call T. In fact, £ — D* is a locally trivial fiber
bundle with T as fiber. In other words, it is locally diffeomorphic with a product of
T with D*.

Let us analyze what happens in the limit as T — oo or equivalently as ¢ — 0.
The fiber E; is isomorphic to C/(t7'Z + Z). Let a(t) be the image in E; of the
line segment joining O to 1, and let b(7) be the image of the segment joining 0 to
7~ 1. If we orient these curves so that a- b = 1, they form a basis of H;(E;,Z). The
curve b(t) is called a vanishing cycle, since it shrinks to the node as t — 0; see
Figure 13.1.

In the C* category, the bundle &* is locally trivial, but it is not globally trivial.
Its restriction to the circle S = {r | |t| = €} can be constructed directly by taking
T % [0,1] and gluing the ends 7' x {0} = T x {1} using a so-called Dehn twist about
the vanishing cycle b = b(¢). This is a diffeomorphism that is the identity outside a
neighborhood U of b and twists “once around” along b (see Figures 13.2 and 13.3;
U is the shaded region).

The twist induces an automorphism u : H'(T) — H'(T) called monodromy. It is
given explicitly by the Picard—Lefschetz formula:

u(a)=a+b,u(b)=">o.
Let us study a global example considered earlier.

Example 13.1.2. The family of elliptic curves in Legendre form is

&= {([x,y,z],t) G]PZ XC—{OJ}|y2Z—x(x—z)(x—tz):O} — C.



13.1 Topology of Families of Elliptic Curves

S A
501 77K )
e SERR

(=0 !general

%
&

Fig. 13.1 Vanishing cycle.

Fig. 13.2 T foliated by meridians.
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Fig. 13.3 T foliated by images of meridians under a Dehn twist.

We can complete it to a projective surface, and then resolve singularities to obtain
a nonsingular surface & — P!. Although we will mostly be interested in the original
family &. We claim that this is a fiber bundle, topologically. This is easy enough to
check directly, but at this point we may as well state a much more general result.

First, let us start with some precise definitions. A C* map f : X — Y of mani-
folds is called a fiber bundle if it is locally a product of ¥ with another manifold
F (called the fiber). This means that there exist an open cover {U;} and diffeo-
morphisms f~'U; = U; x F compatible with the projections. If X =2 Y x F, the
bundle is called trivial. Bundles over S' can be constructed as follows. Let F be
a manifold with a diffeomorphism ¢ : F — F. Then glue F x {0} in F x [0,1] to
F x {1} by identifying (x,0) to (¢(x),1). This includes the familiar example of
the Mobius strip, where F = R and ¢ is multiplication by —1. If the induced map
0* : H*(F) — H*(F), called the monodromy transformation, is nontrivial, then the
fiber bundle is nontrivial. For more general bundles, f : X — Y monodromy can be
defined by restricting to embedded circles S' C Y. We will give a more careful treat-
ment in the next section. A C* map f : X — Y is called a submersion if the map on
tangent spaces is surjective. The fibers of such a map are submanifolds. A continu-
ous map of topological spaces is called proper if the preimage of any compact set is
compact.

Theorem 13.1.3 (Ehresmann). Let f : X — Y be a proper submersion of C7
connected manifolds. Then f is a C” fiber bundle; in particular, the fibers are
diffeomorphic.



13.1 Topology of Families of Elliptic Curves 227

Proof. We give a proof when 0 € Y C R. This suffices to show that the fibers are
diffeOomorphic in the general case, because any two points can be connected by a
smooth path. A complete proof, in general, can be found in [89, 4.1].

The strategy is simple. We choose a nowhere-zero vector field v “normal” to the
fibers, and the flow along it from f~!(0) to the neighboring fibers. To obtain the
vector field, choose a Riemannian metric on X. The gradient v = Vf is defined
as the vector field dual to df under the inner product associated to the metric.
By assumption, df, and therefore v, is nowhere zero. The existence and unique-
ness theorem for ordinary differential equations [110, Chapter 5, Theorem 5] allows
us to define a neighborhood U of 0, € > 0, and a family of diffeomorphisms
¢ : f~1(U) — f~1(U) parameterized by |¢| < €. This is given by flowing along v.
In other words, ¢, (p) = y(t), where y: (—€,€) — X is a C* path passing through p
at time 0 with velocity v(y(s)) for all s. Then the map (—¢,€) x f~1(0) — X, given
by (¢, p) — ¢, (p), gives the desired local trivialization.

There is one subtlety to the story that we skipped over, and that is the role of
properness. The existence and uniqueness theorem quoted above is only a local
statement. So in general, ¢ would be defined locally near a given p € f~1(0) with
constants €,. But by properness, we can assume that the covering by domains of
the local ¢,’s is finite and then choose € = min(g,). The uniqueness guarantees that
these local flows patch. a

Example 13.1.4. The projection R? — {0} — R shows that the result is false for
nonproper submersions,

Let us return to Example 13.1.2 and see how to calculate the monodromy of
going around O and 1. The fibers over these points are no longer nodal curves, so
the Picard-Lefschetz formula will not apply. However, it is possible to calculate this
from a different point of view. Recall that H /I"(2) = P! —{0,1,e0}. & can also be
realized as a quotient of C x H by an action of the semidirect product Z> x I'(2) as
above. The I' (2) action extends to H* = HUQU {e}. We can choose a fundamental
domain for I'(2) in H* as depicted in Figure 13.4; the three cusps are 0, 1, 0.

The subgroup of I'(2) that fixes oo is generated by

(63)

and it follows easily that this is the monodromy matrix for it. We will call & the
elliptic modular surface of level two.

Exercises

13.1.5. Calculate the monodromy matrices for the remaining cusps for I'(2) in
Example 13.1.2.

13.1.6. Construct a family of elliptic curves over D* with —I as its monodromy.
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cusp

Fig. 13.4 Fundamental domain of I"(2).

13.2 Local Systems

In this section, we give a more formal treatment of monodromy. This notion is
implicit in the usual proof that ,/z is multivalued: analytically continuing this around
a loop results in —,/z. We want to extract the essence of this idea and extend it.

Definition 13.2.1. A sheaf .# on a topological space X is locally constant if there
exists an open cover {U;} such that .Z |y, is constant.

Here is a classical example of where this comes up:

Example 13.2.2. Let A be an n x n matrix of holomorphic functions defined on an
open set X C C. Then the sheaf of solutions of the differential equation

SU)={feo)"|f =Af}

is locally constant, because standard existence and uniqueness arguments show that
F|p = C} over a disk.

To see that this is generally not constant, take X = C*, n=1, and A = 21Z. Any
global solution is zero, since otherwise it would be a multiple of the multivalued
function /z. As a first step we want to extend the language of “analytic continua-
tion” to locally constant sheaves. Let X be a topological space. A path from x € X
to y € X is a continuous map ¥ : [0,1] — X such that ¥(0) = x and y(1) = y. Two
paths v, 1 are homotopic if there is a continuous map I'" : [0, 1] x [0, 1] — X such that
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(@) =I(t,0),n(t) =I(t,1), ' (0,s) =x, and I'(1,s) = y. This is an equivalence
relation. We can compose paths: If 7 is a path from x to y and 1 is a path from y to
z, then - 1 is the path given by following one by the other at twice the speed. More
formally,

~r(2) ifr<1/2,
V'"(t)_{n(zz—l) ift>1/2.

This operation is compatible with homotopy in the obvious sense, and the induced
operation on homotopy classes is associative. We can define a category I'(X) whose
objects are points of X and whose morphisms are homotopy classes of paths. This
makes I'T(X) into a groupoid, which means that every morphism is an isomorphism.
In other words, every (homotopy class of a) path has an inverse. This is not a group,
because it is not possible to compose any two paths. To get around this, we can
consider loops, i.e., paths that start and end at the same place. Let (X, x) be
the set of homotopy classes of loops based (starting and ending) at x. This is just
Hompy(y)(x,x), and as such it inherits a composition law that makes it a group,
called the fundamental group of (X,x). We summarize the standard properties that
can be found in almost any algebraic topology textbook, e.g., [61, 108]:

1. m is a functor on the category of path-connected spaces with base point and
base-point-preserving continuous maps.

2. If X is path connected, then 7y (X,x) = 1 (X,y) (consequently, we usually sup-
press the base point).

3. Two homotopy equivalent path-connected spaces have isomorphic fundamental
groups.

4. Van Kampen’s theorem: If X is a path-connected simplicial complex that is the
union of two subcomplexes X; UX;, then 7y (X) is the free product of 71 (X7 ) and
7 (X,) amalgamated along the image of 7; (X; UX5).

5. If X is a connected locally path-connected space, then it has a universal cover
7 : X — X. m(X) is isomorphic to the group of deck transformations, i.e., self-
homeomorphisms of X that commute with 7.

This already suffices to calculate the examples of interest to us. From item 5
above, we see that the fundamental group of the circle R/Z is Z. The complement
in C of a set S of k points is homotopic to a wedge of k circles. Therefore 7; (C — )
is a free group on k generators.

Let X be a topological space. A local system of abelian groups is a functor F :
II(X) — Ab. A local system F gives rise to a (X, x)-module, i.e., abelian group
F(x) with a m; (X, x) action. We define a sheaf .7 as follows:

f(U)={fi U—JF()| f(x) €F(x) and Vye H(U)vf(Y(l)):F(Y)(f(Y(O)))}'

If every point x € X has a neighborhood U, with trivial fundamental group (i.e., X
is locally simply connected), then the restrictions .% |y, are constant. Therefore .7
is locally constant.
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Theorem 13.2.3. Let X be a path-connected locally simply connected topological
space. There is an equivalence of categories between

(1) The category of m (X )-modules.
(2) The category of local systems and natural transformations.
(3) The full subcategory Ab(X) of locally constant sheaves on X.

Proof. See [68, Chapter 1V, §9], [108, p. 360], or the exercises. O

In view of this theorem, we will treat local systems and locally constant sheaves
as the same.

Let f: X — Y be a fiber bundle. We are going to construct a local system that
takes y to H'(Xy,Z). Given a path y: [0,1] — Y joining y and yj, the pullback
Y'X ={(x,1) | f(x) = y(r)} will be a trivial bundle over [0, 1]. Therefore y*X will
deformation retract onto both X, and X, , and so we have isomorphisms

H'(Xy) < H'(Y'X) = H'(X,,).

The map H'(Xy,) — H'(X,,) can be seen to depend only on the homotopy class
of the path. Thus we have a local system. When yy = yj, this is the monodromy
transformation considered earlier. The corresponding locally constant sheaf will be
described in the next section.

Exercises

13.2.4. For a path-connected space, show that IT(X) and 7;(X,x) (viewed as a
groupoid) are equivalent as categories. Deduce the equivalence of (1) and (2) in
Theorem 13.2.3.

13.2.5. Given a locally constant sheaf .%, show that .% is isomorphic to the sheaf
associated to a local system, and that this local system is determined up to
isomorphism.

13.2.6. Let V be a holomorphic vector bundle on a Riemann surface X. Define a
connection to be a C-linear morphism V : V — Q1 ®V such that V(fv) = fV(v) +
df ®V. Show that ker(V) is a locally constant sheaf. (Hint: check that locally it is
the same as the sheaf in Example 13.2.2.)

13.2.7. Let .% be a locally constant sheaf of finite-dimensional C-vector spaces
on a Riemann surface X. Construct a connection V on V = Oy ®¢ % such that
ker(V) = .Z.

13.3 Higher Direct Images™

Given a product F' x Y, which we can view as a trivial bundle over Y, the coho-
mology is the tensor product of the cohomology of F' and Y by the Kiinneth formula
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(Theorem 5.3.6). For general fiber bundles, the story is more complicated. Let us
start with the simplest case of a fiber bundle over the circle. Here we see that
monodromy enters in a fundamental way.

Theorem 13.3.1 (Wang sequence). Let X — S! be a fiber bundle with fiber F and
monodromy . Then there is an exact sequence

-~ HI(X,Q) — H(F,Q) 4 H(F,Q) » B (X,Q) — -

Proof. The sequence is constructed in [108, Chapter 8,§5]. But in order to see that
the middle map is as claimed, it is better to do this explicitly. To make the job
easier, we will make free use of standard properties of relative homology [108].
Let X = F x [0,1]. Then we can identify X = X/ ~, where ~ is the equivalence
relation gluing the fibers Xy = F x {0} and X; = F x {1} by the twist that determines
monodromy. Although F and the fibers X; and X, of X — S' are all homeomorphic,
it is useful to distinguish between them until the end. At that point, we can use the
projections F « X — X to identify H,(F) = H.(X;) = H.(Xo) and u : H.(X;) =
H,.(F). Also X is homotopy equivalent to F, so it has the same homology as F.
By excision, we have an isomorphism of relative homology

H.(X,Xo) = H.(X,XoUX)). (13.3.1)

The relative groups H,(X,XoU X)) are built using simplicial (or singular) chains
with boundary in Xo UX,. These fit into a long exact sequence [108, Chapter 4, §5]

N B (R) — Hi (R, X UK S Hi(Ro) @ Hi(R)) S By (R) — -
(13.3.2)
Since the maps labeled id ¢ id are surjective, we can truncate the sequence. The
map o is the boundary operator. Since the boundary components Fy, F| have oppo-
site orientations, the signs of dy on these components are opposite. Thus (13.3.2)
reduces to

Hi1 (X, %UX)) ={(o,—0) | o € Hi(F)} = H;(F). (13.3.3)
Now consider the exact sequence
d
= Hi (X)) — Hi 1 (X, Xo) = Hi(Xo) — Hi(X) — -+ (13.3.4)
The isomorphisms (13.3.1) and (13.3.3) allows us to identify 0 with
1—u:Hi(Xo) — Hi(Xp)-
So we have obtained the Wang sequence in homology
1—
o Hi (X) — Hi(F) —5 Hy(F) = Hi(X) — -

Dualizing yields the sequence claimed in the theorem. U
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Corollary 13.3.2. The cohomology of X is isomorphic to the cohomology of the
product F x S if the monodromy is trivial.

Corollary 13.3.3. If X — Y is a fiber bundle over a connected space, the image of
the restriction of cohomology lies in the monodromy invariant part,

im[H(X,Q) — H'(X,,Q)] € H'(X,,@)" ¥,

Proof. By restricting to loops in Y, this can be reduced to the case of ¥ = S', where
it follows from the Wang sequence. O

The last corollary implies that the cohomology of a fiber bundle cannot look
like that of a product unless the monodromy is trivial. Over more general bases,
monodromy is not the only complication.

Example 13.3.4. Let S C C? be the unit sphere. This maps to IP’(IC = 52 by sending
v to [v]. The map $3 — §2 is a fiber bundle, with fiber S!, called the Hopf fibration.
There is no monodromy because S is simply connected. We have H?(S*) = 0, but
H?(S' x 82) # 0, so they are not the same.

This example shows that there may be “higher twists” that affect cohomology.
To explain this properly, we return to general sheaf theory and develop the necessary
tools. Let f : X — Y be a continuous map and .% € Ab(X) a sheaf. We can define
the higher direct images by imitating the definition of H'(X,.%) in Section 4.2:

Rof*y:f*yv
R'f.7 = coker[f.G(F) — f.C'(F)],
R . Z =R £,C"(F).

Note that when Y is a point, Rf.% is just H!(X,.7 ) viewed as a sheaf on it. We have
an analogue of Theorem 4.2.3.

Theorem 13.3.5. Given an exact sequence of sheaves
0o >AB—% —0,
there is a long exact sequence of sheaves
0—-RYf, o/ R f.B—Rf.C—R food — -
There is an alternative description that is a bit more convenient.

Lemma 13.3.6. If f : X — Y is a continuous map, and ¥ € Ab(X), then R f..7(U)
is the sheafification of the presheaf U — H'(U,.7).

Proof. Let %' denote the presheaf U +— H(U,.7). For i = 0, we have #° = f,.7
by definition of f.. By our original construction of H'(U,.%), we have an exact
sequence

£G(F)(U) = f.CH(F)(U) — %' (U) - 0.
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This shows that %! is the cokernel f.G(.#) — f.C!(Z) in the category of
presheaves. Hence (#')* = R! f,.7 . The rest follows by induction. O

Each element of H'(X,.%) determines a global section of the presheaf %' and
hence of the sheaf R'f,.7. This map H'(X,.#) — H°(X,R!f..7) is often called an
edge homomorphism.

Let us now assume that f : X — Y is a fiber bundle of triangulable spaces. Then
choosing a contractible neighborhood U of y, we see that H' (U,Z) = H'(Xy,Z).
Since such neighborhoods are cofinal, it follows that R'f,Z is locally constant.
This coincides with the sheaf associated to the local system H'(Xy,Z) constructed
in the previous section. The global sections of H°(Y,R'f,Z) can be identified
with the space H' (Xy,Z)™ ¥y) of cohomology classes of the fiber invariant under
monodromy. We can construct elements of this space using the edge homomor-
phism, which corresponds to restriction

H(X) — H'(X,)" ") C Hi(X,).

The importance of the higher direct images is that they provide a mechanism for
computing the cohomology of X in terms of data on Y. More precisely, construct
G*(.%) as in Section 12.4. Then as we saw that I'(G*(%#)) is a complex whose
cohomology groups are exactly H*(X,.% ). We can factor this construction through
Y, by considering the complex of sheaves f,G*(%#) on Y. We will denote this by
Rf..# even though this is not technically quite correct. (Rf,.Z is really the corre-
sponding object in the derived category, whose definition can be found in [44, 118].)
The interesting features of this complex can be summarized by the following:

Proposition 13.3.7.

(1) The ith cohomology sheaf A (Rf..F) is isomorphic to R' f,.7.
(2) H'(Rf..7) = H' (X,.F).

To make the relationship between Rf,.% and R'f,.Z clearer, let us use the trun-
cation operators introduced in §12.4. From Lemma 12.4.2, we obtain the following
result:

Lemma 13.3.8. The sequence
0— 1<y 1 RfsF — 1< RF — RIf,.F[—q] — 0 (13.3.5)
is exact for each q.
From here it is a straightforward matter to construct the Leray spectral sequence
EV'=HP(Y,R1f,.F) = H' (X, 7).

We would rather not get into this, but the exercises give some further hints. The
spectral sequence has standard consequences that can deduced directly.
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Proposition 13.3.9. If .7 is a sheaf of vector spaces over a field such that
S dimHP(Y,R1f,.7) < oo, then

dimH' (X, 7)< Y. dimH"(Y,RIf.7)

ptq=i
and o
Zdim(—l)’H’(X, F) = Z(—l)p“L"dime(Y,qu*ﬁ).
i P4
Proof. This follows from Lemma 13.3.8 an induction. a

Corollary 13.3.10. If X — Y is a fiber bundle induced from a map of finite simplicial
complexes, then A
dimH'(X,Q) < Y dimH”(Y,RIf.Q). (13.3.6)
ptq=i

If, moreover, the monodromy acts trivially on the cohomology of the fibers, then

dimH'(X,Q) < Y dimH”(Y,Q) ® HI(X,,Q). (13.3.7)
ptq=i

Example 13.3.4 shows that these inequalities may be strict, even when there is
no monodromy.

Exercises

13.3.11. Prove Theorem 13.3.5.

13.3.12. Complete the proof of Proposition 13.3.9. (See Corollary 12.4.4 for some
hints.)

13.3.13. Show that equality holds in Proposition 13.3.9 if and only if 7<, is strict.

13.3.14. Let R? = Rif,.# and R = Rf,.%. Define the map d, : H’(Y,R?) —
HPT2(Y,R9~1) as the composition of the connecting map associated to (13.3.5), and
the map H*(t<,_1R) — H*(R4~'[—g+ 1]). This is the first step in the construction
of the Leray spectral sequence.

(a) Show that d, vanishes if T<, is strict. Therefore this gives an obstruction to
equality in Proposition 13.3.9 by the previous exercise.
(b) Calculate d, in Example 13.3.4 and show that it is nonzero.

In fact, strictness is equivalent to the vanishing of a countable number of obstruc-
tions d»,ds3, ... (compare Exercise 12.2.14).
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13.3.15.

(a) A locally constant sheaf L of vector spaces on S' is determined by the vector
space V = Ly and the monodromy operator u : V — V. Using a Cech complex,
show that

1—
ker[V —5V]  ifi=0,
H'(S",L) = 4 coker[V Ll V] ifi=1,

0 otherwise.

(b) If f : X — S' is a fiber bundle, show that there are exact sequences
0—H'(R"'£.Q) — HI(X,Q) — H'(R£.Q) — 0.

(c) Use this to construct the Wang sequence.

13.4 First Betti Number of a Fibered Variety*

We will return to geometry, and use the previous ideas to compute the first Betti
number of an elliptic surface. Suppose that f : X — C is a morphism of a smooth
projective variety onto a smooth projective curve. Assume that f has connected
fibers. Let S C C be the set of points for which the fibers are singular, and let U
be its complement. The map f~'U — U is a submersion and hence a fiber bundle.
We have a monodromy representation of 71 (U) on the cohomology of the fiber.

Theorem 13.4.1. b (C) < by (X) < by (C) +dimH' (X,,Q)™ V).

The proof will be carried out in a series of steps. A (reduced) divisor in a complex
manifold is a subset that is locally the zero set of a holomorphic function.

Lemma 13.4.2. Let S C W be a divisor in a complex manifold. Then H'(W,Q) —
H' (W —S,Q) is injective.

Proof. We prove this under the extra assumption that W has finite topological type.
Then using Mayer—Vietoris and induction, we can reduce to the case that W is a
ball, where the lemma is trivially true, since H' (W) = 0. m]

Let j : U — C denote the inclusion, and let .# = R' £,Q. The restriction j*.%#
is locally constant, but .# need not be. Nevertheless, we can still control it. There
is a canonical morphism .% — j,j*.% induced by the restriction maps .% (V) —
F(VNU) as V ranges over open subsets of C.

Corollary 13.4.3. . — j.j*% is a monomorphism.

Proof. This follows from the injectivity of the restriction maps H'!(V,Q) —
H'(VNU,Q). O
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We can now prove the theorem.
Proof. Proposition 13.3.9 gives
b1 (X) < dimH'(C, £.Q) +dimH°(C,R' £.Q).

Since the fibers of f are connected, f.Q is easily seen to be Q. So the dimension of
its first cohomology is just b; (C). The previous corollary implies that

H(C.R'£.Q) — H*(C.j.j* #) = H*(U,R' £.Q) = H' (X,,Q)" ")
is injective. This proves the upper inequality
bi(X) < b1(C) +dimH' (X,,Q)" V).

For the lower inequality, note that a nonzero holomorphic 1-form on C will pull
back to a nonzero form on X. Thus 4'°(C) < h'°(X). O

Corollary 13.4.4. If & — C is an elliptic surface such that its monodromy is non-
trivial, then by (&) = b (C).

Proof. By assumption, dimH' (&)™) < 1. Therefore b (C) < by (X) < by (C)+1.
Since b (X) is even, this forces by (&) = by (C). O

Exercises

13.4.5. Let G be a finite group of automorphisms of a curve C. Suppose that G acts
on a smooth projective variety F and therefore on C x F by the diagonal action.
Let f: X = (C x F)/G — C = C/G be the projection. Check that b (X) = b (C) +
dimH' (X,,Q)™ ().



Chapter 14
The Hard Lefschetz Theorem

The pioneering study of the topology of algebraic varieties was carried out by
Lefschetz in his monograph [79] published in 1924. He suggested working induc-
tively, by comparing the homology of a smooth projective variety with its inter-
section with a single hyperplane and eventually a suitable family of them. There
were two basic results, nowadays called the weak and hard Lefschetz theorems.
In this chapter, we discuss both of these but focus on the latter. In one of its incar-
nations, it gives the structure of cohomology under cup product with a hyperplane
class. The first correct proof of this was due to Hodge using harmonic forms, and
we present a version of this. The hard Lefschetz theorem has a number of impor-
tant consequences for the topology of projective, and more generally Kéhler, mani-
folds, and we will discuss a number of these. We also want to interpret this using
Lefschetz’s original more geometric point of view, which, remarkably, played a role
in Deligne’s proof of the Weil conjectures [25] and in his subsequent arithmetic
proof of hard Lefschetz [27].

14.1 Hard Lefschetz

Let X be an n-dimensional compact Kihler manifold. Recall that L was defined by
wedging (or more correctly cupping) with the Kihler class [@]. The space

P{(X) =ker[L" " HI(X,C) — H*2(X,C)]
is called the primitive cohomology.
Theorem 14.1.1 (Hard Lefschetz). For every i,

L':H"(X,C) — H""(X,C)

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 237
DOI 10.1007/978-1-4614-1809-2_14, © Springer Science+Business Media, LLC 2012
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is an isomorphism. For every i,

li/2]
H'(X,C) =P LP?(X).
j=0

We indicate the proof in the next section. As a simple corollary, we find that
the Betti numbers satisfy b,_; = b,+;. Of course, this is nothing new, since this
also follows from Poincaré duality. However, it is easy to extract some less trivial
“numerology.”

Corollary 14.1.2. The Betti numbers satisfy b;_ < b; fori <n/2.
Proof. The theorem implies that the map L : H=(X) — H'(X) is injective. O

Suppose that X = P" with the Fubini—Study metric of Example 10.1.5. The
Kihler class @ is equal to c1(€(1)). The class ¢;(€(1))! # 0 is the fundamental
class of a codimension-i linear space (see Sections 7.2 and 7.5), so it is nonzero.
Since all the cohomology groups of P” are either 0- or 1-dimensional, this implies
the hard Lefschetz theorem for P”. Things get much more interesting when X C P"
is a nonsingular subvariety with induced metric. By Poincaré duality and the
previous remarks, we get a statement closer to what Lefschetz would have stated,
namely, that any element of H,_;(X,Q) is homologous to the intersection of a class
in H,+;(X,Q) with a codimension-i subspace.

The Hodge index theorem for surfaces generalizes to a set of inequalities, called
the Hodge—Riemann bilinear relations, on an n-dimensional compact Kihler mani-
fold X. Consider the pairing

H'(X,C)xH'(X,C) - C
defined by
0(c.p) = (-1 [anprar.
X

Theorem 14.1.3. H'(X) = @ HP4(X) is an orthogonal decomposition with respect
to Q. If oo € PPT9(X) N HP4(X) is nonzero, then

V=1""9(a,&) > 0.
Proof. See [49, p. 123]. O

We define the Weil operator C : H'(X) — H'(X), which acts on H4(X) by
multiplication by v/—17 7.

Corollary 14.1.4. The form Q(a,B) = Q(o.,CB) on P{(X) is positive definite
Hermitian.
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Exercises

14.1.5. When X is compact Kéhler, show that Q gives a nondegenerate skew-
symmetric pairing on P'(X) with i odd. Use this to give another proof that b;(X)
is even.

14.1.6. Determine which products of spheres S” x § can admit Kédhler structures.

14.2 Proof of Hard Lefschetz

Let X be as in the previous section. We defined the operators L, A acting on forms
&°*(X) in Section 10.1. We define a new operator H that acts by multiplication by
n—ion & (X). Then we have the following additional Kihler identities:

Proposition 14.2.1. The following hold:

(1) [A,L] =H.
(2) [H,L] = —2L.
(3) [H,A] =2A.

Furthermore, these operators commute with A.
Proof. See [49, pp. 115, 121]. O

This proposition plus the following theorem of linear algebra will prove the hard
Lefschetz theorem.

Theorem 14.2.2. Let V be a complex vector space with endomorphisms L, A, H
satisfying the above identities. Then:

(a) H is diagonalizable with integer eigenvalues.
(b) For each a € Z, let V,, be the space of eigenvectors of H with eigenvalue a. Then
L! induces an isomorphism between V; and V_;.
(c) If P =ker(A), then
V=POHLPSLP&--.

(d) If o € POV then L' ot = 0.

We give the main ideas of the proof. Consider the Lie algebra sl (C) of traceless
2 x 2 complex matrices. This is a Lie algebra with a basis given by

= 00) =09 =62

These matrices satisfy

A0 =h, [hA]=2A, [ht]=—2L.
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So the hypothesis of the theorem is simply that the linear map sl,(C) — End(V)
determined by A — A, £ — L, h— H, preserves the bracket, or equivalently, that V
is a representation of sly(C). The theorem can then be deduced from the following
two facts from representation theory of sl,(C) (which can be found in almost any
book on Lie theory, e.g., [43]):

1. Every representation of sl,(C) is a direct sum of irreducible representations.
Irreducibility means that the representation contains no proper nonzero sub-
representations, i.e., subspaces stable under the action of sl, (C).

2. There is a unique irreducible representation of dimension N + 1 for each N > 0,
namely SV (C?), where C? is the standard representation. Let ¢; = (1,0)” and
e = (0,1)7 be the standard basis of C2. Then e),eY 'es,..., e} gives a basis
of S¥(C?), and the operators act by

It suffices to check the theorem when V = SN(C?). In this case, we see that the
span of e’1e12V ~'is precisely the eigenspace V,;_y of &, and all eigenspaces are of this
form. The operators £, A shift these eigenspaces as pictured:

= (= =
~Y [a) ~Y [
0< N W C _ >VN—2=(C< >...< TV.yxC >0
A A A

This implies (b). For the remaining properties, we have that P = ker(A) is the span
of ). Thus

V=P®IPHI P&,

as expected.

Exercises

14.2.3. Using the relations, check that A(V,) C V.4, and ¢(V,) C V,_, for any
representation V.

14.2.4.If V is a representation and v € ker(1), show that {v,fv,¢? ...} spans a
subrepresentation of V. In particular, this spans V if it is irreducible.
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14.3 Weak Lefschetz and Barth’s Theorem

Recall that a hypersurface Y C X in a projective variety is called ample if there exist
a projective embedding and a hyperplane H such that Y = X N H. The version of
the weak Lefschetz theorem, or Lefschetz hyperplane theorem, that we give here
compares their rational cohomologies, although, in fact, a much stronger statement
can be proved using methods from differential topology, namely Morse theory [86].

Theorem 14.3.1 (Weak Lefschetz). Let X be a smooth projective variety with a
smooth ample divisor Y C X.

(a) Then the restriction map
H'(X,Q) — H'(Y,Q)

is an isomorphism when i < dimX — 1 and an injection when i = dimX — 1.
(b) The Gysin map ' A
H'(Y,Q) — H™(X,Q)

is an isomorphism for i > dimX — 1 and a surjection when i = dimX — 1.

Proof. Observe that (a) and (b) are equivalent by Poincaré duality. So we prove (b).
Also, by the universal coefficient theorem, we can switch to complex coefficients.
Let U = X — Y. Then using the Gysin sequence (12.6.5)

o _>Hi+l(Ua(C) _>HZ(Y5(C) _>Hi+2(X7(C) ot

we see that we have to prove H'™!(U,C) = 0 for i+ 1 > dimX. Since U is a closed
subset of a projective space minus a hyperplane, it is affine. So the required vanish-
ing follows from Corollary 12.5.4. a

Lemma 14.3.2. Let 1 : Y — X be an oriented submanifold of a compact oriented
C* manifold. Then the following identities hold:

(a) "(BUy) =v"BUr™y.
(b) ut*B =[Y]UB.
(c) "na=1"[Y]Ua.

Proof. The first identity is simply a restatement of the functoriality of the cup
product. The second is usually called the projection formula, and it can be checked
by applying (5.5.2) and (5.6.1) to obtain

/Xm*BUy:/YL*ﬁUL*}/:/X[Y]UﬁU}/.

The same argument shows that (b) holds more generally for ¥ a compact submani-
fold of a noncompact manifold. In this case, i, and [Y] would take values in H; (X).

We prove (c) with the help of Lemma 5.5.3, which shows that o = 7y U n* o
on a tubular neighborhood Y T X , where 1y is the Thom class of T'. Since 1y
represents [Y], we get 1"y = 1*[Y] U . O
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Barth proved a variation on the weak Lefschetz theorem that the cohomologies
of P" and a nonsingular subvariety coincides in low degree. Hartshorne [59] gave a
short elegant proof, which we reproduce here.

Theorem 14.3.3 (Barth). If Y C P" is a nonsingular complex projective variety,
then H'(P",Q) — H'(Y,Q) is an isomorphism for i <2dimY — n.

Remark 14.3.4. This theorem is of course vacuous unless dimY > n/2. When
dimY =dimX — 1, Y is ample, so this is exactly what we get from weak Lefschetz.

Proof. Let P =P", m = dimY, and let 1 : Y — P denote the inclusion. Let L be
the Lefschetz operators associated to a hyperplane H and to H|y (it will be clear
from context which is which). Then H2"~")(P) is generated by H" . Therefore

[Y] = d[H]" ™ with d # 0. Consider the diagram
Hi(p) FS git2e-m py (14.3.1)

(1/d)u
1
\ \

Ht(y) L”:”HH—Z(n—m) (Y)

* *

1

The diagram commutes thanks to the previous lemma.

The map L™ : H'(P) — H't2("~)(P) is an isomorphism because P = P". So it
follows that the restriction 1* : H (X ) — H'(Y) is injective. Therefore it is enough to
prove that they have the same dimension. Hard Lefschetz for Y implies that L"~™ :
H'(Y) — Ht2("=m)(y) is injective. Therefore the same is true of 1, by (14.3.1). Thus

bi(X) < bi(Y) < bjiya(n-m)(X) = bi(X). O

Exercises

14.3.5. Check that the bound in the weak Lefschetz theorem is sharp for dimX < 3.

14.3.6. Show that a product of three curves of positive genus cannot embed into P*
or P°.

14.4 Lefschetz Pencils*

In this section, we explain Lefschetz’s original approach to the hard Lefschetz
theorem. Modern references for this material are [75], [30], and [116]. Given an
n-dimensional smooth projective variety X C PV, Bertini’s theorem [60] shows that
for “most” hyperplanes H, Y = X NH is smooth. The weak Lefschetz theorem yields
an isomorphism H'(X,Q) = H(Y,Q) for i < n— 1. To go beyond this, Lefschetz
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suggested letting H move in a sufficiently nice family H;, and letting the cycles move
as well. We then have two geometrically defined subspaces of H"~!(Y) (which can
be identified with homology). There is the subspace of cycles Van C H"~!(Y) that
vanish as X N H; acquires a singularity, and the subspace Inv C H"~!(Y) of cycles
that stay invariant as H; travels in a loop around such singularities. The original
formulation of the hard Lefschetz theorem amounted to the following statement:

Theorem 14.4.1. H"~!(Y) = Inv&® Van.

Our goal is to explain more precisely what this means, and then outline the proof.
Let PV be the dual projective space whose points correspond to hyperplanes of PV,
Choose a general element H € PV and let Y = X N H. We define

I=im[t* : H" '(X,Q) — H" '(Y,Q)]
and
V =ker[t, : H" ' (Y,Q) — H" (X, Q)],

where 1 : Y — X is the inclusion. As we will see below, these will coincide with the
spaces Inv and Van. So as a first step, we establish the following result:

Proposition 14.4.2. H"~1(Y) =1 V.

Proof. The composition
H' N (X) = H"'(Y) — H"T(X)

can be identified with the Lefschetz operator L, which is an isomorphism. Therefore
given 1*3 € INV, we get B = L~'1,(B) = 0. Furthermore, given o € H"~(Y),

a=UL"v(a)+(a—1"L 'u(a))

decomposes it into an element of / + V. O

Let us try to make sense of the constructions indicated above. We can and will
assume that X C PV is nondegenerate, which means that X does not lie on a hyper-
plane. The dual variety

X = {H e PV | H contains a tangent space of X }

parameterizes hyperplanes such that H N X is singular.

Proposition 14.4.3. If H € X is a smooth point, then HNX has exactly one singular

point, which is a node (i.e., the completed local ring of the singularity is isomorphic

t0 Cl[x1, .., xa]]/ (3 4+ +x2)).

Proof. See [30, Chapter X VII]. O
Aline {H,;},.p1 C PV is called a pencil of hyperplanes. Any two hyperplanes of

the pencil will intersect in a common linear subspace called the base locus. A pencil

{H,} is called a Lefschetz pencil if H, N X has at worst a single node for all ¢ € P!
and if the base locus Hy N H.. is transverse to X.
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Corollary 14.4.4. The set of Lefschetz pencils forms a nonempty Zariski open set of
the Grassmannian of lines in PV.

Proof. A general pencil will automatically satisfy the transversality condition.
Furthermore, a general pencil will be disjoint from the singular set Xy;,¢, since it
has codimension at least two in PV, O

Given a pencil, we form an incidence variety X = {(x,t) € X x P! | x € H,}.
The second projection p gives a map onto P! whose fibers are intersections H, N X.
There is a finite set S of € P! with X, = p~!¢ singular. Let U = P! — S and fix
to € U. By Ehresmann’s Theorem 13.1.3, X is a fiber bundle over U. Thus we have
a monodromy representation of 7 (U, ) on the cohomology of the fiber H*(X;,).
‘We want to make this explicit. It will be convenient to switch back and forth between
homology and cohomology using the Poincaré duality isomorphism Hy(X,,,Q) =
H2n—2—k(Xt0’Q).

Consider the diagram

)/f 7 X
1

1 P

5 \

Xt() Pl

Choose small disks A; around each #; € S, and connect these by paths ; to the base
point 7y (Figure 14.1).

IS,

Fig. 14.1 Loops.

The space p~!(y;U4;) is homotopic to the singular fiber X, = p~1(#;).
Theorem 14.4.5. Let n = dimX. Then
Hk(XloaQ) - Hk(p_l(yi UAi)aQ)

is an isomorphism if k # n — 1, and it is surjective with a one-dimensional kernel if
k=n—1.
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Proof. Since p~!(y;U4;) is homotopic to p~!(4;), we can assume that £, is a point
on the boundary of A;. Let y; € X;, be the singular point. We can choose coordinates
about y; such that p is given by z% +z% +---4+22. Pick0 < p <& < 1, and let

B={(z1,-. ) | a1+ |+ +lwml <& |3 +5+-+22| <p}.

We assume, after shrinking A; if necessary, that A; is the disk of radius p and choose
fo = p. If x =Re(z), y =Im(z), then we can identify

X NB={(x.y) €R" xR" | [|x|* + [lyl[* < &, [|IxI|* = |y|> = p, {x,5) = 0}

These inequalities imply that [|x|| # 0 and ||y||> < ©,” . Therefore (x,y)— ( HiH , 82_}p )
gives a homeomorphism

XoNB2{(x,y) €R"xR" | || = 1, [lyl[* < 1, {x,y) = 0}

The latter space deformation retracts onto the sphere S"~! = {(x,0) | ||x|| = 1}.
It follows that Hk(f(to N B) is generated by the fundamental class of $"~! when
k=n— 1 and is zero for all other k > 0. By Poincaré duality it follows that H"~!
(X, NB) = H"~!(X;, N B) # 0. Thus we can find a form & with compact support in

X, N B such that
/ a #0.
sn—1

Therefore the fundamental class & of $"~! in X,o is nonzero.

Let B? denote the interior of B. To conclude, we need to appeal to a refinement
of Ehresmann’s fibration theorem [75], which will imply that p_lAi —BY = A s
trivial as a bundle of manifolds with boundary. This implies, by excision [61, 108],
that there is an isomorphism of cohomologies of the pairs

Hi (X, Xy NB) = H,(p~'A;, B).

Thus by the exact sequence for a pair we have a commutative diagram with exact
rOWS:

Hk+1 (XtO,XtO ﬁB) — Hk (XtO ﬁB) — Hk(Xto) — Hk (XtO,XtO ﬁB)

I ! i l
Hii1(p~'Ai,B) — Hi(B)=0 — Hi(p~'A;) — Hi(p~'Ai,B)

A straightforward diagram chase shows that Hy(X,,) — Hy(p~'4;) is surjective with
kernel spanned by § when k = n — 1 and an isomorphism otherwise. a

Let & € H"!(X,,) be the fundamental class of S"~! constructed above. It is
called the vanishing cycle about t;. We can now define Van C H" (X, Q) to
be the subspace spanned by all of the vanishing cycles ;. The subspace Inv =
H"(X,,)™Y) will be the space of classes invariant under r; (U). We will need to
describe the monodromy explicitly. This is given by the Picard—Lefschetz formula
(which refines the formula encountered in Section 13.1).
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Theorem 14.4.6 (Picard-Lefschetz). Ler L; : H”_I(XtO,Q) denote the action of
the loop going once around t;. Then (o) = o0+ (—1)""+1)/2(ar, §)8;, where (,)
denotes the cup product pairing on H"~1(X,).

Proof. See [75] or [6, Section 2.4]. O
Corollary 14.4.7. The orthogonal complement Van™ coincides with Inv.
Proof. ui(a) = o if and only if (a, &) = 0. O

We now identify ¥ = X,,, and compare these spaces with the spaces V and I
introduced earlier.

Proposition 14.4.8. V = Van.

Proof. A proof can be found in [75]. We sketch the proof of one inclusion. Utilizing
the Poincaré duality isomorphism H, |(Y) = H"~'(Y), as we have been doing,
we note that the Gysin map 1, corresponds to the natural (pushforward) map in
homology H,_1(Y) — H,_1(X). Therefore its kernel can be identified with V.
By Theorem 14.4.5, §; lies in ker[H,_1(Y) — H,_1(p~'(yUA;))] and therefore in
V. Therefore Van C V. O

Proposition 14.4.9. I = Inv.

Proof. We prove this when n is odd, which implies that (,) is a nondegenerate
symmetric pairing on H"~!(Y). Then by Corollary 14.4.7,

dimInv = dim H" ! (Y) — dim Van.

The image of H"~'(X,Q) lies in Inv = H"~!(X,,)™ (), since it factors through
H"1(X,Q), and H" '(X,Q) — H""!(X,,) is the edge homomorphism; see
Section 13.3. Thus it suffices to prove that I and Inv have the same dimension. But
this is a consequence of Propositions 14.4.2 and 14.4.8 and the previous equation:

dim = dimH""'(Y) — dimV = dimInv. O

With the above identifications, Theorem 14.4.1 will follow from Proposi-
tion 14.4.2. We finally state the following for later use.

Proposition 14.4.10. V is an irreducible m;(U)-module, i.e., it has no m(U)-
submodules other than 0 or V.

Proof. We give a proof modulo the basic fact that any two vanishing cycles are
conjugate up to sign under the action of 7;(U) [75, 7.3.5]. Suppose that W C V is
a 1y (U) submodule, and let w € W be a nonzero element. We claim that (w, §;) # 0
for some i. If not, we would have w € V- = I, which would force it to be zero.
Therefore

,LL,'(W) —w= ﬂ:<W, 5i>5i ceWw

implies that W contains &;, and thus all the vanishing cycles by the above fact.
Therefore W = V. ad
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14.5 Cohomology of Smooth Projective Maps*

In this final section, we give some subtle applications of hard Lefschetz. The first,
due to Deligne [23], analyzes the cohomology of a family of smooth projective
varieties. A morphism f : X — Y of algebraic varieties is called projective if it
factors through a projection ¥ x P¥ — Y. We also have an analogue of submer-
sion in algebraic geometry. When X,Y are nonsingular, the morphism f is smooth if
the induced maps on Zariski tangent spaces are surjective. This definition is really
provisional; a better definition is given later, in Section 18.1. Ehresmann’s theorem
implies that smooth projective maps are C™ fiber bundles. In general, the cohomo-
logy of a fiber bundle can be very complicated. However, Deligne shows that in the
absence of monodromy the cohomology of a smooth projective map is as simple as
it can be.

Theorem 14.5.1 (Deligne). Let f : X — Y be a smooth projective map of smooth
complex algebraic varieties. Then the inequalities in (13.3.6) are equalities, i.e.,

dimH'(X,Q) = Y, dimH"(Y,RIf.Q).
ptq=i

Here is a somewhat more concrete consequence.

Corollary 14.5.2. If the monodromy action of m(Y,y) on the cohomology of the
fiber X, is trivial (e.g., if Y is simply connected), then the Betti numbers are the
same as for a product, i.e.,

bi(x): 2 bP(Y)bq(Xy)-
p+q=i

We sketch the proof of the theorem. A somewhat more detailed treatment can be
found in [49, pp. 462-468].

Proof. Tn Exercise 13.3.14, we constructed a map d, : H?(Y,R%) — HPT2(Y,RI™1),
where R? = R4 f,QQ. The vanishing of d, and the higher differentials is equivalent to
the conclusion of the theorem. We check this for d; only.

Let n be the dimension of the fibers. By assumption, there is an inclusion
X < PN x Y that gives Lefschetz operators on the fibers. For each y, we have a
corresponding Lefschetz decomposition

/2
H'(X,,Q) = PP (Xy).

j=0

In fact, we get a decomposition of sheaves

(i/2]
Li . Rnfl' ~ Ie"l“ri7 Ri — @ LJ‘])IAfzj7
j=0
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where
Pi _ ker[Ln—i+1 :Ri _ R2n—i+2].

This allows us to decompose
HP(Y,RY) = D HP (Y, P %).

Thus it suffices to check the vanishing of the restrictions of d, to these factors.
Consider the diagram

d
HP(Y, Pn—k) 2> Hp+2(Y,Rn_k_1)

0 fk+1 > ktl
\ d \
HP (Y, Pn+k+2) - Hp+2(Y,Rn+k+1)

The first vertical arrow is zero by the definition of P, and the second vertical arrow
is an isomorphism by hard Lefschetz. Therefore the top d> vanishes. O

A projective morphism p : P — X of varieties is said to be a Brauer—Severi
morphism if it is smooth and all the fibers are isomorphic to projective space. The
cohomology is easy to analyze using the previous results.

Lemma 14.5.3. If © : P — X is Brauer—Severi with n-dimensional fibers, then
H'(PQ)=PH > (X,Q).
=0

Proof. Choose an embedding 1 : P — PV x X that commutes with the projection.
Then H?*(PV,Q) = Q maps nontrivially and therefore isomorphically to
H?(P;,Q) = Q. Since H?*(P,) generates H*(P,), the monodromy action is trivial.
Therefore the lemma follows from Corollary 14.5.2. O

Note that the proof gives the somewhat stronger result that H*(P,Q) is gene-
rated as an algebra by H*(P,Q) and H>(PN,Q). If & denotes the positive generator
c1(1*0pn (1)) of the latter space, then in fact

H'(P.Q)=@H > (X,Q U (14.5.1)
j=0

The Brauer—Severi morphisms of interest to us arise as follows. Let E be a rank-
(n+ 1) algebraic vector bundle on X in the original geometric sense (as opposed to
a locally free sheaf). Define

P(E) ={¢| ¢aline in some E.} = JP(E,).

This comes with a projection 7 : P(E) — X, which sends £ to x. The fiber is precisely
P(E,). The map 7 is projective, and therefore carries a class & as above. This can be
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constructed directly as follows. Let g;; be a 1-cocycle for E with respect to a cover
{U;}. Then we construct P(E) by gluing (x,[v]) € U; x P" to (x,[gijv]) € U; x P".
Consider the line bundle

L={(vf)|vel, (alinein some Ey}

on P(E). We define Op)(—1) as the sheaf of its sections, and Op(g)(1) =
Op(g)(—1)". This need not be 1" Opn (1) as above; however, a power will be. There-
fore their first Chern classes will be proportional. Therefore we have the following
corollary:

Corollary 14.5.4. The decomposition (14.5.1) is valid for X = P(E) and
h=c1(Opg)(1)).

Remark 14.5.5. Tt is possible to give a much more elementary proof using the Leray—
Hirsch theorem [61, Theorem 4D.1]. This has the advantage of working over the
integers and for complex C™ vector bundles.

Although the additive structure is now determined, the multiplicative structure
is more subtle. If E = &} ™! is trivial, then P(E) = P" x X. Therefore /"' = 0 by
Kiinneth’s formula. In general, it can be nontrivial. We can express #"*! as a linear
combination of 1,h,... " with coefficients in H*(X). These coefficients are, by
definition, the Chern classes of E. More precisely, we define the ith Chern class
ci(E) € H¥(X,Q) by

W — e (EYUR 44+ (=1)"" ¢, (E) = 0. (14.5.2)

By the above remark, these classes can be defined in H*(Y,Z). This method of
defining Chern classes, which is due to Grothendieck [52], is one of many. Regard-
less of the method, the key point is the following characterization.

Theorem 14.5.6. Chern classes satisfy the following properties:

(a) For a line bundle L, c¢|(L) is given by the connecting map Pic(X) — H*(X,7)
and ¢;(L) =0 fori> 1.

(b) The classes are functorial, i.e., ¢;(f*E) = f*c;(E) foranymap f:Y — X.

(c) If0 - E; — E — E», — 0 is an exact sequence of vector bundles, then

L4 ei(E) +ea(E) 4= (Lter(Er) + ) UL+ c1(Ea) +---).

Moreover, any assignment of cohomology classes to vector bundles satisfying
these properties coincides with the theory of Chern classes.

Proof. We give a sketch. For the first property, note that when L is a line bundle,
P(L) = X and Op(g(1) = L. The second is more or less immediate from the con-
struction. A special case of (c) will be given in the exercises.

The uniqueness is based on the splitting principle [42, §3.2], which says that
given X, E, there exists a map f : ¥ — X that induces an injection in cohomology
such that f*E is a successive extension of line bundles L;. Then (c) will imply that
the pullback of the Chern classes are determined by ¢ (L;). O
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We want to end this chapter with one last application of hard Lefschetz. A vector
bundle £ is called negative if Op ) (1) is ample, and E is ample if E* is negative.
We should point out that our definition of P(E) is dual to the one given in [55, 60],
so our definitions appear to be the opposites of the usual ones. Also, our signs for
the Chern classes have been adjusted accordingly. The following is a very special
case of a result of Bloch and Gieseker [13].

Theorem 14.5.7 (Bloch—Gieseker). If E is a negative vector bundle of rank n+ 1
on a smooth projective variety X with d = dimX < n+ 1, then c4(E) # 0.

Proof. Leth=ci(Op(g)(1)), and let
n=h""—c(E)n " -ty 1 (E) € H2(P(E)).
Since Op(g)(1) is ample, the hard Lefschetz theorem guarantees that
hn+2—du . H2d—2(]P>(E)) N H2n+2(P(E))
is injective. We have
n Uhn+2—d _ :tcd(E) Uhn+1—d
by (14.5.2) and the fact that ¢;(E’) = 0 for i > d. Therefore c¢;(E) cannot vanish. O

Exercises

14.58. Let 7: C>— {0} — ]P’é: be the usual projection. This is smooth, and in fact a
Zariski locally trivial C*-bundle. The restriction 3 — IP’(}: to the unit sphere is called
the Hopf fibration. Show that the conclusion of Corollary 14.5.2 fails for 7 and the
Hopf fibration.

14.5.9. Show that by (X) = by (C) +dimH' (X,,Q)™ () when f : X — C is smooth
and projective.

14.5.10. Show that there is an epimorphism 7*E — Opg)(1).
14.5.11. Let E = L; & L, be a sum of line bundles.

1. Show that the divisors Z; C P(E) defined by the sections o; € Ho(ﬁ’]p(E)(l) ®

L;') corresponding to the maps n*L; — n*E — Op(g)(1) are disjoint.
2. Deduce that the product [Z;| U [Z] is zero.
3. Conclude that (3) holds for E = L| @ L, i.e., that ¢; (E) = ¢1(Ly) + ¢1(Lp) and

c2(E) = ci(Ly) Ucei(La).

14.5.12. Let G = G(2,n) and F = {(x,/) € P"~! x G | x € £}. Show that both projec-
tions P"~! < F — G are Brauer—Severi morphisms. Use this to calculate the Betti
numbers of G.
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14.5.13. F above can be identitified with P(V), where V is the vector constructed in
Exercise 2.6.15. With the help of the previous exercise, show that the cohomology
of H?(G(2,4)) is spanned by ¢1(V)? and (V).

14.5.14. The obstruction for a Brauer—Severi morphism to be given by P(E), for
some vector bundle E, lies in the Brauer group H>(Y, 0y) (this is the obstruction
for lifting a class from H'(Y,PGL,(0y)) to H'(Y,GL,1(0y))). Show that the
Brauer group vanishes when Y is a Riemann surface. However, the obstruction can
be nontrivial in general.



Part IV
Coherent Cohomology



Chapter 15
Coherent Sheaves

Chow showed that every complex submanifold of P{. is an algebraic variety. The
eventual goal of this chapter and the next is to outline the proof of a refined version
of this due to Serre [101], usually referred to as “GAGA,” which is an acronym
derived from the title of his paper. The first part of the theorem gives a correspon-
dence between certain objects on P{, viewed as an algebraic variety and objects
on P{, viewed as a complex manifold. These objects are coherent sheaves that are
O-modules that are locally finitely presented in a suitable sense. Some of the formal
properties of coherent sheaves are given here. Over affine and projective spaces there
is a complete description of coherent sheaves in elementary algebraic terms, which
makes this class particularly attractive. Chow’s theorem is recovered by applying
GAGA to ideal sheaves, which are coherent.

As general references, we mention Hartshorne [60] and Serre [100] for the alge-
braic side of the story, and Grauert and Remmert [47] for the analytic.

15.1 Coherence on Ringed Spaces

In order to deal simultaneously with the analytic and algebraic cases, we return to
the general setting of a ringed space (X,%). We will be interested in %Z-modules
that have good finiteness properties. We ought to say what “good” should actually
mean here. We would like the property to satisfy the two out of three principle: in
any short exact sequence where two sheaves satisfy the property, the third does as
well. So in particular, the class of sheaves satisfying the property should be stable
under direct sums. The weakest finiteness condition is the following:

Definition 15.1.1. An #Z-module & has finite type if & is locally finitely generated,
i.e., each point has a neighborhood U such that there is an epimorphism Z|}, — &y
for some n < oo,

The class of sheaves of finite type is certainly stable under direct sums. However,
the two out of three principle will fail in general.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 255
DOI 10.1007/978-1-4614-1809-2_15, © Springer Science+Business Media, LLC 2012
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Example 15.1.2. Let R be a non-Noetherian commutative ring regarded as a ringed
space over a point. A nonfinitely generated ideal / gives a counterexample, because
it fits into the exact sequence 0 -1 — R — R/I — 0.

The solution is to impose finiteness on kernels whenever they arise.

Definition 15.1.3. An %Z-module & is coherent if and only if:

(1) & is of finite type,
(2) If Z|}; — &|u is any morphism defined over an open set U, the kernel has finite
type.

Proposition 15.1.4.

(a) A submodule of finite type of a coherent module is coherent.
(b) The two out of three principle holds for coherence.

Proof. The first statement is automatic. We do one case of (b), leaving the rest for
the exercises. Suppose that

0—-& —& — & —0

is exact with & and &, coherent. Then clearly &3 has finite type. Now choose a
morphism ¢ : Z"|y — &3|y. We have to show that ker ¢ has finite type. Since this
is a local condition, we are free to shrink U to a neighborhood of any given point
x € U. After doing this, we can assume that ¢ lifts to a morphism v : Z" |y — & |y.
After shrinking U again, we can choose an epimorphism %;} — &3|y. By the snake
lemma, there is an epimorphism of &3|y, and hence of %™ |y, onto the cokernel
of keryy — ker¢ over U. We can lift this to a morphism %™ |y — ker¢ such that
images of kery and #"|y generate ker¢. This implies that ker¢ has finite type
because ker y does. O

Corollary 15.1.5. Given a morphism of coherent Z-modules, the kernel, image, and
cokernel are coherent. The sum of two coherent modules is coherent. So in parti-
cular; the collection of coherent %-modules and morphisms between them forms an
abelian category.

Proof. Suppose that ¢ : & — .7 is a morphism of coherent modules. Coherence of
the image follows from (a). Coherence of the kernel and cokernel follow by applying
(b) to
0—kerp — & —im¢p — 0,
0—im¢ — .% — coker¢ — 0. O
While the structure sheaf % of a ringed space obviously has finite type, it need

not be coherent in general. However, it is true for a scheme in our sense by straight-
forward arguments (Exercise 15.2.8). In the analytic case, this is somewhat deeper.

Theorem 15.1.6 (OKka). If (X, Ox) is a complex manifold, then Ox is coherent.
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Proof. See [47, p. 59] O

Corollary 15.1.7. Let X be a complex manifold. Any locally free Ox-module is
coherent. The ideal sheaf of a submanifoldY C X is coherent.

Exercises

15.1.8. Finish the proof of Proposition 15.1.4.
15.1.9. Prove that if .#; are coherent, then so are .#| ® .#> and 2 om (.41, .#>).

15.1.10. Suppose that Z is coherent and let .# be an Z-module. Prove that ./ is
coherent if and only if it is locally finitely presented, i.e., there is a covering {U;}
with exact sequences

%mi|Ui —>%ni|Ui — ‘%|Ui — 0.

15.1.11. Let f : # — ¢ be a morphism of coherent sheaves over (X,%). Suppose
that fy, is an injection (respectively surjection) for some xo € X. Then prove that
S, 1S an injection (respectively surjection) for all x in a neighborhood of xo. Is this
property true for morphisms of arbitrary Z-modules?

15.1.12. A ring R is called coherent if the kernel of any map R" — R is finitely
generated. Give an example of a noncoherent ring. Show that the structure sheaf of
the associated ringed space given in Example 15.1.2 will not be coherent.

15.2 Coherent Sheaves on Affine Schemes

Coherent sheaves over affine schemes have a particularly nice description. They
correspond to finitely generated modules over the coordinate ring. Let R be an affine
algebra over an algebraically closed field. Let us first recall that in Definition 3.5.11,
we constructed a sheaf of modules M on Spec,, R associated to an R-module M.
On basic open sets, we have

M(D(f)) =R[1/f]@rM = M[1/f],

where the localization M[1/f] of M is constructed as for rings [8]. Important exam-
ples of such sheaves include ideal sheaves associated to subschemes of Spec,, R.

Lemma 15.2.1. If M is a finitely generated R-module, M is coherent.
Proof. This is Exercise 15.2.8. O

It convenient to extend this class of sheaves M to more general schemes.
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Definition 15.2.2. Let (X, O ) be a scheme in our sense over an algebraically closed
field k. A sheaf of modules & over X is called quasicoherent if there is a covering
by affine open sets {U; = Spec,, R;} such that & = M; for R;-modules M;.

We shall see shortly that coherent sheaves are quasicoherent, as the terminology
suggests. Clearly sheaves of the form M on Spec,, R are quasicoherent. The converse
statement is also true, although it is not entirely trivial.

Proposition 15.2.3. If R is an affine k-algebra, any quasicoherent sheaf & on X =
Spec,, R is isomorphic to M with M = " (X, &).

Proof. The elements of M[1/f] can be represented by fractions m/ ", with m € M.
Each such element determines a section fln m|p nEE (D(f)). In this way, we get
a homomorphism r; : M(D(f)) — &(D(f)), which gives rise to a morphism of
sheaves r: M — &. We have to prove that this is an isomorphism. In fact, we will
prove that each ry is an isomorphism, and this is sufficient.

By assumption, there is an affine open covering {U;} of X such that &y, = M;.
By quasicompactness, we can assume that this is a finite covering by basic open
sets U; = D(g;). Suppose that m € M is a section mapping to 0 in &(D(f)). Then
the images m; € M;. vanish in M;[1/f;]. This implies that f"m; = 0, for some n;,
because the kernel of M; — M[1/f] consists of elements annihilated by f. Therefore
taking n = maxn;, we see that f"m = 0 or that the image of m vanishes in M[1/f].
The upshot is that rs : M[1/f] — &(D(f)) is injective.

Suppose that e € &(D(f)). The images of e in M;[1/f] can be written as m;/ f",
where m; € M; and the exponent n can be chosen independently of i. Now m; and
m; agree with f"e, and therefore each other, on the intersection D(fg;g;) = D(f)N
D(g;)ND(g;). Therefore fN(m; —m;) = 0 for some N independent of i, j. Thus we
can patch the fNm; to obtain a section m € M. It follows that m/ "™ € M[1/f]
maps to e. That is, r is surjective. O

The operation M — M clearly extends to a functor. The above results show that
& — I'(&) is an inverse. Therefore we may state the following theorem:

Theorem 15.2.4. If R is an affine k-algebra and X = Spec,, R, then M — M gives
an equivalence between the category of R-modules and quasicoherent modules
onX.

Corollary 15.2.5. The functors M +— M and & + I' (X, &) on the above categories
are exact, i.e., if
0—-M —- M, - M3 —0

is exact, then so is
0— M — M, - M3 —0,

and likewise for the second functor.

Lemma 15.2.6. Coherent sheaves on a scheme are quasicoherent.
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Proof. Any coherent sheaf is locally of the form

coker[Of; — Off] = coker[R" — R™]™
for an affine open U = Spec,, R. ad

Theorem 15.2.7. With X = Spec,,R as above, the functor M +— M gives an equi-
valence between the category of finitely generated R-modules and coherent modules
onX.

Proof. This is a consequence of the previous results and Exercise 15.2.9. ad

Exercises

15.2.8. Let X = Spec,, R, with R affine. Prove that 0% is coherent, and therefore
conclude that M is coherent if M is finitely generated.

15.2.9. If & is coherent on Spec,, R, then show M = I'(&) is finitely generated.

15.2.10. Prove that quasicoherence on any scheme satisfies the “two out of three”
property.

15.2.11. Leti: Y — X be a closed subscheme of a scheme. If .Z is a (quasi)coherent
sheaf on Y, show that i,.# is (quasi)coherent on X.

15.2.12. Let j : U — X be a proper open subset of an affine variety. Show that the
sheaf
) oWw) ifvcCu,
IOy = .
0 otherwise,

is an Ox-module that is not isomorphic to M for any M. In particular, it is not
coherent.

15.3 Coherent Sheaves on P

Our goal in this section is to describe all coherent sheaves on P" = IP}. Let § =
k[xo, . ..,xn) be its homogeneous coordinate ring, with its standard grading S = @ S;.
Then the category of coherent sheaves on P will turn out to be almost equiva-
lent to the category of finitely generated graded S-modules. We will see this by
making explicit constructions, but let us first explain why we might expect this on
a more conceptual level. Projective space is the quotient P = (A"+! — {0})/k*,
so a coherent sheaf on it ought to be the same as a coherent sheaf on A"*! — {0}
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on which k* acts in the appropriate sense. Then taking global sections would pro-
duce an S-module M with a good k*-action. The eigenspaces for this action yield a
grading and conversely.

A Z-graded S-module is an S-module M with a decomposition M = ;.5 M; into
subspaces such that S§;M; C M;, ;. If M is also finitely generated as an S-module,
then each of the components M; is finite-dimensional, and M; = 0 for i < 0. Given
a graded module M, we define a new grading on the same underlying module by

M(d)i =Miyq-

The collection of graded modules becomes a category, where morphisms f: M — N
are S-module maps such that f(M;) C N;.

Starting with a graded S-module M, we can construct a sheaf of modules on P”
by doing a graded version of the construction given in Definition 3.5.11. Given an
open set U C P, Opn(U) C k(xo,...,x,) carries the grading given by deg(f/g) =
deg f —degg. The tensor product M ®g Opn (U) carries an induced grading deg(m®
(f/8)) = degm+deg(f/g). Let

M(U) = (M &5 Opn(U))o (15.3.1)

denote the subgroup of graded 0 elements. This is obviously a presheaf of modules,
and in fact it can be seen to be a sheaf. To see that this is coherent, recall that a basis
of the topology of P" is given by D(f) = {a € P" | f(a) # 0} as f varies over the
set of homogeneous polynomials. We can identify D(f) = Specy, S[1/f]o. Then by
comparing formulas, we can see that the following lemma most hold:

Lemma 15.3.1. Suppose that f € S is homogeneous. Let N denote the sheaf defined
on D(f) by N =MI[1/flo. Then M|p(p) = N.

Corollary 15.3.2. The sheaf M is coherent if M is finitely generated, and quasico-
herent in general.

It is clear that M — M yields a functor from the category of graded (respectively
finitely generated graded) modules to the category of quasicoherent (respectively
coherent) sheaves on P".

Lemma 15.3.3. The functor M — M is exact.
Proof. This follows from the previous lemma and Corollary 15.2.5. O

We have already seen examples of this construction previously.

Lemma 15.3.4. S(d) = Opn(d).
Proof. This follows from (3.6.2) and (15.3.1). a

Example 15.3.5. Let I C S be a homogenous ideal. Then I coincides with the sheaf
defined in Example 3.5.4. This defines a closed subscheme of P" that is a subvariety
if I is prime.



15.3 Coherent Sheaves on P 261

Definition 15.3.6. A collection of global sections f; € H’(X,.%) generates the sheaf
Z if their germs span the stalk .%, for every x € X. A coherent sheaf .# on X is
generated by global sections or globally generated if there exist sections with this
property.

Theorem 15.3.7 (Serre).

(a) If F is a coherent sheaf on P}, then there exists dy such that for any d > d,
F(d) = F @ Opn(d) is globally generated.

(b) Every coherent sheaf on P} is isomorphic to a sheaf of the form M for some
finitely generated graded module M.

We make a few preliminary remarks before starting the proof. The sheaf &/(—1)
is the ideal sheaf of the hyperplane x; = 0. Thus global sections of O(d) =
(0(—1)*)®4 when d > 0, can be interpreted as regular functions on U; with poles
of order d along x;. Therefore H(U;,.%) can be identified with the directed union
UsHO (B, 7 (d)).

Proof. Let % be coherent. Then there are finitely generated modules M; such that
the restrictions .7 |y, are isomorphic to M;. Choose a finite set of generators {m;}
for each M;. From the above remarks, we can view these as global sections of .7 (d)
for some fixed d > 0. These sections generate .7 (d).

Let M' = @ (H(Z (e)). The argument of the previous paragraph shows that
for some d > 0, .7 (d) is generated by finitely many sections m; € H(.F (d)) = M},
Let M C M’ be the submodule generated by these sections. Consider the subsheaf
& =M C .7. Since the sections m; € H°(%(d)) generate .7 (d), we see that the
stalks ¢ (d), equal .% (d),. Therefore ¢4 (d) = .7 (d). Tensoring by ¢'(—d) implies
that ¥ = 7. O

As we will see in the exercises, the map from isomorphism classes of graded
modules to isomorphism classes of coherent sheaves is many-to-one. Fortunately,
the ambiguity is easy to describe. Given two graded modules M, N, let us say that
they are stably isomorphic, or M ~ N, if for some i,

DM = DN

i>ig i>io

as graded S-modules.
Now suppose that .# is a coherent Op-module. Define

L(4) = é (P, 4(d)).

d=—oo

We state without proof some refinements of the last theorem.
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Theorem 15.3.8.

1. (M) ~M.

2.0( M) = M.

Proof. See [100, p. 258, Proposition 4] for the proof of the first statement, and [60,
Chapter II, Proposition 5.15] for the second. a

Theorem 15.3.9. Any coherent sheaf & on P" fits into an exact sequence
0—-6—6& 11— —E—E—Q,

where r < n and each &; is a sum of a finite number of line bundles Opn ().

Proof. The Hilbert syzygy theorem [33, 1.13] says that any finitely generated
graded S-module has a finite free graded resolution of length at most n. The theorem
is a consequence of this and Lemma 15.3.3. a

For many standard examples, it is possible to construct explicit resolutions of this
type.

Example 15.3.10. The tangent sheaf fits into an exact sequence

X0
X1

0 — ﬁ]pn —) ﬁpn(l)rH_l — %n — O

This will be justified later.

Exercises

15.3.11. Check that if M; :~0 f(lr i>0,i.e., that if M ~ 0, then M = 0. Use this to
show that M ~ N implies M = N.

15.3.12. Given a pair of graded S-modules M and N, define a grading on their tensor
product M @ N = M ®gs N by

(M@N)i= Y M,®N,.
a+b=i

Prove that Az_él/\’ ~M ® Gpn N.
15.3.13. Given a graded S-module M, show that

TL'*(M|A:1+1_{O}) = @M(d),
deZ

where 7 : A1 — {0} — P" is the canonical projection.
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15.4 GAGA, Part 1

We now want to compare the algebraic and analytic points of view. A nonsingular
subvariety X C Af., determines a complex submanifold X,, C C" defined by the
same equations. We refer to (X, Ox,,) as the associated complex manifold; this
does not depend on the embedding. We can extend this to any nonsingular algebraic
variety X over C, choosing an affine covering {U;} and then gluing U; 4, to Uj 4n
by the original transition maps, which are holomorphic. When applied to (IP¢., Opn),
we obtain the complex projective (P}, Opx ) viewed as a complex manifold.

For any nonsingular variety X, the analytic topology is finer than the Zariski
topology, and the regular functions are holomorphic. Therefore we have a morphism
of ringed spaces

L: (Xan, ﬁxan) — (X,ﬁx)

given by the inclusion
ﬁx(U) C ﬁxan (U)

Given an Ox-module &, define the Oy, -module &, = 1*&. Then &, is coher-
ent if & is. This operation gives a functor between the categories of coherent
Ox- and Oy,,-modules. We will sometimes refer to a coherent Oy -module (respec-
tively Ox,,-module) as a coherent algebraic (respectively analytic) sheaf.

For locally free sheaves, we can also describe this operation as follows. A locally
free sheaf & is the sheaf of sections of an algebraic vector bundle V — X. Then &,
is the sheaf of sections of the associated complex analytic vector bundle V,,, — Pg,.
This applies, in particular, to the line bundles &pn(d) and the bundle of p-forms

(Qg Jan = Q)I(){,n-

Lemma 15.4.1. On a nonsingular algebraic variety X, the functor & — &, is exact
and conservative (the last condition means that & # 0 = &,, # 0). It takes locally
free sheaves to locally free sheaves of the same rank.

Proof. The second statement follows from what we said above. It suffices to check
the first statement at the stalk level, and this can then be reduced to some standard
commutative algebra [8]. Given p € X, let R = Oy, denote the local ring. This is the
localization of the ring of regular functions in a neighborhood of p at the maximal
ideal m corresponding to this point. Choose a minimal set of generators x1, ..., x, for
m. Note that n = dimX because R is regular. The local ring R., = O, p is the ring
of convergent power series C{xy,...,x,}. We can identify the m-adic completions
of both rings with the ring of formal power series R = C[[xi,...,x,]]. On stalks, the
operation & — &, is given by extension of scalars E — R, ®g E. This operation
is exact and conservative precisely when the ring extension R C Ry, is faithfully flat
by definition. This can be reduced to the faithful flatness of the completions R C R
and R, C R [8, Chapter 10, Exercise 7] or [55, Chapter 0, 7.3.5]. O

Corollary 15.4.2. Given an ideal sheaf .9 C O, the support of Ox,, | Ian coincides
with V(.%).
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We can now state the following remarkable GAGA theorem, of Serre, which
compares the categories of coherent algebraic and analytic sheaves on projective
space.

Theorem 15.4.3 (Serre). The functor & — &, induces an equivalence between the
categories of coherent Opn and Opn -modules. In particular, any coherent Opn -
module arises from an Opn-module, which is unique up to isomorphism.

We will defer discussion of the proof until Section 16.4, but we note some
important corollaries.

Corollary 15.4.4 (Chow’s theorem). Every complex submanifold of P" is a non-
singular projective algebraic subvariety.

Proof. The analytic ideal sheaf ¢ of a submanifold X of P" is a coherent Opn -
module. Thus ¢ = .#,,, for some coherent submodule .# C Opn. The subvariety
V(.#) defined by .# is easily seen to coincide with X as a set. It is nonsingular by
2.5.15. O

A more elementary noncohomological proof of Chow’s theorem can be found in
[104, Chapter VIII §3]. Note that it implies the assertion we made some time ago:

Corollary 15.4.5. Any compact Riemann surface X is a projective algebraic curve.

Proof. This is a consequence of Chow’s theorem, because X embeds into projective
space by Corollary 6.3.9. a

Corollary 15.4.6. A holomorphic map between nonsingular projective algebraic
varieties is a morphism of varieties.

Proof. Apply Chow’s theorem to the graph of the map. a

Exercises

15.4.7. Show that a meromorphic function on a smooth projective curve is the same
thing as a rational function. This is also true in higher dimensions, but the proof
would be harder.



Chapter 16
Cohomology of Coherent Sheaves

In this chapter, we continue the study of coherent sheaves, by studying their
cohomology. The first key result is that the higher cohomology groups for coher-
ent sheaves vanish for affine schemes. Using this we can compute cohomology for
projective spaces using the Cech complex for the standard open affine cover, and
establish finite-dimensionality and other basic results. We also consider analogous
statements for complex manifolds. With these results in hand, we complete our
discussion of the GAGA theorems. The second basic result is that if & is a coherent
algebraic sheaf on P}, its cohomology is isomorphic to the cohomology of &,,.
Thus the calculation of the latter reduces to a purely algebraic problem. This coho-
mological result is also needed for the proof of the first GAGA theorem stated in the
previous chapter.

16.1 Cohomology of Affine Schemes

Corollary 15.2.5 tells us that the global section functor for quasicoherent sheaves on
affine schemes is exact. Since higher sheaf cohomology measures the obstruction to
exactness of this functor, we might guess that there is no higher cohomology. This
is correct, as will see shortly, but the result is not quite automatic. The key piece of
algebra is the following.

Definition 16.1.1. Given a commutative ring R, an R-module [ is injective if for
any for injective map N — M of R-modules, the induced map Homg(M,I) —
Homg (N, 1) is surjective.

Example 16.1.2. If R = Z, then [ is injective, provided that it is divisible, i.e., if
a = nb has a solution for everya € I andn € Z — 0.

A standard result of algebra is the following.

Theorem 16.1.3 (Baer). Every module is (isomorphic to) a submodule of an injec-
tive module.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 265
DOI 10.1007/978-1-4614-1809-2_16, © Springer Science+Business Media, LLC 2012
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Proof. A proof can be found, for example, in [33, p. 627]. O

Proposition 16.1.4. Let X = Spec,, R be an affine scheme. If I is an injective
R-module, then I is flasque.

Proof. A complete proof can be found in [60, III, 3.4]. We indicate one step in the
argument to illustrate the role of injectivity of 1. We have to prove that 7(X) — I(U)
is surjective for any open U. We do this when U = D(f). Then this amounts to the
surjectivity of the canonical map x : I — I[1/f]. Let J, = {g € R| gf" = 0} denote
the annihilator of f”. We have J; C J, C ---. Since R is Noetherian by Hilbert’s
basis theorem [8], the sequence stabilizes. So there is an r such that J, = J, | =---.
An element of I[1/f] can be written as a fraction e/f" with e € I. We have to
show that this lies in the image of k. There is an isomorphism between the ideal
K = (f""") and R/J,,,. Since the element f"e € I is annihilated by J, = J,,;,, we
obtain a map ¢ : K — I satisfying ¢ (f"*") = f"e. Since I is injective, ¢ extends
toamap y: R —I. Let ¢’ = y(1) € I. We have f""¢’ = f"e. Therefore e/ " =
fre/fn+r —¢. O

Theorem 16.1.5 (Grothendieck—Serre). Let R be an affine ring, and let Y =
Specy, R. Then for any R-module M,

H'(Y,M)=0.

Remark 16.1.6. The proof given here works for arbitrary Noetherian affine schemes.
That is why we give the dual attribution.

Proof. The module M embeds into an injective module I. Let N = I/M.
By Corollary 15.2.5, the functor M +— M is exact. Therefore we have an exact
sequence of sheaves

0—-M—I—N—DO0.

Since H'(Y,I) = 0 for i > 0, we obtain
I—-N—H\(Y,M)—0

and ' '
H™Y (Y, M) = H(Y,N).

Since I — N is surjective, H' (Y, M) = 0. This proves the theorem for i = 1. Applying
this case to N shows that

H*(Y,M)=H'(Y,N)=0.
We can kill all higher cohomology groups in the same fashion. O
We get a new proof of (a strengthened form of) Lemma 2.3.4.

Corollary 16.1.7. If X CY is a closed subscheme of an affine scheme defined by an
ideal sheaf I, then O(X) = 0(Y)/ 7 (Y).
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Proof. The sequence
0—-4Y)—»0¥)—0X)—0

is exact. O

Corollary 16.1.8. An open affine cover of a variety is Leray with respect to any
coherent sheaf.

Exercises

16.1.9. Let % = {D(f;)} be a finite cover of X = Spec,, R with R affine. Prove that
H' (% ,0x) = 0 as follows.

(a) Show that for every n > 0 there exists r; € R such that Y r; /' = 1.
(b) Given an alternating cocycle g;; € C;ll(?/ , Ox) (Exercise 7.3.8), choose n such
that fi”f]’-’gik,‘ € R for all 7, j. Show that

hi=Y rfigu € R[1/fi].
7

(¢) Check that g = +0dh.

16.1.10. Generalize the argument from the previous exercise to prove that
H(% ,0x) =0 forall i > 0.

16.2 Cohomology of Coherent Sheaves on P”

In this section, we do the important computation of the cohomology of line bundles
over projective space. We use this to extract some more general statements regarding
cohomology of coherent sheaves. Let us be clear about the notation. We will write
(P" = IP}, Opn) for projective space over a fixed field k, viewed as an algebraic
variety. This convention applies to the case of k = C as well. We recall that the line
bundles are given by Op(d) with d € Z. Let S = k[xo, .. .,x,] be the homogeneous
coordinate ring. Let S; C S be the space of homogeneous polynomials of degree i.
It is convenient to allow i to be negative, in which case S; = 0. The degree of a
ratio of homogeneous polynomials is the difference of the degrees of the numerator
and denominator. Consequently, the localization S[1/f] carries a Z-grading for any
homogeneous polynomial f.

Theorem 16.2.1 (Serre).
(a) HO(P", 0p(d)) = S,.

(b) H'(P",0p(d)) =0 if i & {O,n}.
(c) H'(P", Op(d)) =S 4 n1-
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Proof. We use Cech cohomology with respect to the standard open affine cover
{Ui}, where U; = {x; # 0}. This is a Leray cover by Corollary 16.1.8. Our first task
is to identify the Cech complex with a complex of polynomials. As explained above,

the localization | |
S{ ]:@S[ } C K =k(xp,-..,xn)
Xi 4 Xi d

has a natural Z-grading such that the degree-0 piece of S[1/x;] is exactly k[xo/x;,
-y Xn/x;] = O(U;); recall that U; can be identified with affine n-space with coordi-

nates R
X0 X Xn
peeey o yeeny
Xi Xi Xi
Similar statements apply to localizations S[1/x;x;, - - -] along monomials.
We start with the description of &'(d) given in Section 7.3, where we identify

a section of &'(d)(U) with a collection of rational functions f; € (U NU;) C K
satisfying
d
X
-2
Xi

X fi=x1. (16.2.1)

or equivalently

Now identify &'(d)(U;) with S[1/x;]4 under the bijection that sends f; to x¢f;.
Equation (16.2.1) just says that these elements agree in K. By carrying out similar
identifications for elements of &(d)(U;NU;) etc., we can realize the Cech complex
for €'(d) as the degree-d piece of the complex

@S[ﬂ —>EBS{ : }—> (16.2.2)

i<j LYK

where the differentials are defined as alternating sums of the inclusions along the
lines of Section 7.3.

An element of H(P",0(d)) can be represented by an (n+ 1)-tuple (po/xY,
p1/xY,...) of homogeneous rational expressions of degree d, where the p;’s are
polynomials satisfying

po _prv_pP2_
O

This forces the polynomials p; to be divisible by x. Thus H°(P",&(d)) can be
identified with S, as claimed in (a).
From (16.2.2), @, H"(P", 0'(d)) is isomorphic to S|

of coboundaries .
B,=)S .
I I

! ] modulo the the space
X0 Xn
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S[_ ' ]is spanned by monomials xg’ ---xin with arbitrary integer exponents. The
Sy, | 18 X
image B is the space spanned by those monomials where at least one of the
exponents is nonnegative. Therefore the quotient can be identified with the comple-

mentary submodule spanned by monomials with negative exponents. In particular,

H'P",0Wd)= @ k-xi.
io+++in=d
i1,5.in<0

This is isomorphicto S_;_, 1 via

0_1.. in—1

.xil"

io in —i
Xg Xy X »

n
This proves (c).

It remains to prove (b). Part of this is easy. Since (16.2.2) has length n,
H'(P",0(d)) is automatically zero when i > n. For the case 0 < i < n, it is con-
venient to do all the degrees simultaneously by showing that H(P",.%) = 0, where
F =@, 0(d). The advantage here is that the sheaf .# has the structure of a graded
S-module. Thus H'(P",.%) inherits the structure of a graded S-module. We claim
that H'(P", .%)[1/x,] = 0 when i > 0. Since localization is exact, this can be com-
puted as the cohomology of the localization of (16.2.2) with respect to x,. After
localizing, we obtain the Cech complex for .7 with respect to the cover {U; U, } of
U,. This complex is necessarily acyclic, because H'(U,,.# ) = 0 for i > 0. Therefore
the claim is proved, and it implies that every element of H'(IP",.%) is annihilated
by a power of x,. So to prove (b), it suffices to prove that multiplication by x, is
bijective on H'(P",.%) for 0 < i < n. We do this by induction on n. Let H be the
hyperplane defined by x, = 0. We can identify the ideal of H with pn(—1). Thus
we have an exact sequence

0— Opn(—1) — Opn — Oy — 0.
After tensoring this with .%, we obtain
0—F#(-1)—F — Fg—0.
Therefore we get an exact sequence
= H(P",.Z(-1)) 5 H(P",.%) - H (H,Py) — -, (16.2.3)

where H!(P", .7 (—1)) = H'(P",.%) with a shift in grading, and the arrow labeled
m can be identified with multiplication by x,. By induction, H'(H,.%y) = 0 for
0 < i < n—1, which proves (b) for 1 < i < n— 1. The remaining cases can be
obtained by proving exactness of (16.2.3) at the two ends:

0— H'(P",.Z(—1)) % H'(P",. %) % HO(H, Fy) — 0,
0— H""'(H, Zy) ﬂH"(Pn,y(—n) 2 HY(P",.F) — 0.
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This can be done by identifying these with
0—5 5% kxo,... . %p1] — 0

and

1 1 1
O—>S{ ]/Bnlﬂs{ }/B,,&S[ ]/Bn—>0
X0 Xp—1 X0 Xn X0 Xn

respectively. O
We can now deduce finite-dimensionality of cohomology.

Theorem 16.2.2. If & is a coherent sheaf on P", then H'(P", &) is finite-dimensional
for each i, and is zero for i > n. Furthermore, there exist dy such that H'(P", & (d)) =
0ford > dyandi> 0.

Proof. We prove this by induction on r, where r is the length of the shortest syzygy,
i.e., resolution of the type given by Theorem 15.3.9. If » = 0, we are done by
Theorem 16.2.1. Suppose that the theorem holds for all 7 < r. Choose a resolution

0—-6—-6&6& 11— —6—&—0
and let &' = ker[&) — &]. We have exact sequences
0— & — r_]—)---—>é(’1—>(§)/—>()

and
0—-& —&—&—D0.

Since & has syzygy of length r — 1, H*(P",&”) is finite-dimensional by the induc-
tion hypothesis. Therefore the long exact sequence

o HU(P" &) — H'(P",6) — H (P, 67) — -+

implies the finite-dimensionality of H'(P",&). The vanishing of H'(P",&(d)) for
i > 0and d > 0 can be proved by induction in a similar manner. Details are left as
an exercise. 0

Corollary 16.2.3. If & is a coherent sheaf on a projective variety X, then the coho-
mology groups H' (X, &) are finite-dimensional.

Proof. Embed 1 : X — P". Then 1.& is a coherent Op-module, so it has finite-
dimensional cohomology. Since t, is exact,

H(X,&) = H(P",1,6). O
The Euler characteristic of a sheaf .% of k-modules on a space X is

x(F) = (~1) dim¢H' (X, F),
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provided that the sum is finite. From Lemma 11.3.2, we easily obtain the following
result:

Lemma 16.24. [f0 — %, — --- — %y — .F — 0 is an exact sequence of sheaves
with finite-dimensional cohomology, then

Proof. Break this up into short exact sequences and use induction. a

Theorem 16.2.5. If & is a coherent sheaf on P}, then i — (& (i)) is a polynomial
in i of degree at most n. If X is a subvariety of P} and & = O, then this polynomial
has degree dimX.

Proof. From Theorem 16.2.1,

dimS; ifi >0,
Opn(i)) = o
x(Opn (i) {(—U”didenl otherwise,
so that
. n+i
X(ﬁﬂm(l)) = < " )7 (1624)

which is a polynomial of degree n. This implies that ) (&(i)) is a polynomial of
degree < n when & is a sum of line bundles pn (). In general, Theorem 15.3.9 and
the above corollary imply that for any coherent &,

(&) = zro<—1>fx(<%(i>>,

where &’ are sums of line bundles. This shows that x(&'(i)) is a polynomial with
degree at most 7.

To get the sharper bound on the degree when & = Oy, we use induction on dimX
and the relation

X(Onrx (i) = x(Ox (i) — x(Ox(i—1)),

which follows from the sequence
0— Ox(—1) = Ox — Onrx — 0,
where H is a general hyperplane. O

The polynomial y (&(i)) is called the Hilbert polynomial of &. It has an elemen-
tary algebraic interpretation:

Corollary 16.2.6 (Hilbert). Let M be a finitely generated graded S-module. Then
i — dimM; is a polynomial for i > 0, and this coincides with the Hilbert polynomial

x(M(5)).
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Proof. This is obtained by combining the last theorem with Theorems 15.3.8 and
16.2.2. O

Exercises

16.2.7. Compute H'(P', 0p1(d)) directly using Mayer—Vietoris with respect to
{Uo, U, } without referring to the above arguments.

16.2.8. Give a direct proof that H' (P, 0p(d)) = 0 by solving the equation

Pij 4 4
(xix;)m X} x"}

for any 1-cocycle {p;;/(xix;)"} € C'({U},0(d)) on P2.

16.2.9. Let f be a homogeneous polynomial of degree d in S = k[xp,x],x2]. Then

corresponding to the exact sequence of graded modules
0—-8(—-d)=Sf—S—S/(f)—0

there is an exact sequence of sheaves

0— Op2(—d) — Opa — Ox — 0.

Prove that g 1) (d 2
dimHl(x,ﬁx):( a )2( -2,

16.2.10. Let f be a homogeneous polynomial of degree d in four variables. Repeat
the above exercise for H' (X, Ox) and H>(X, Ox).

16.2.11. Prove the remaining parts of Theorem 16.2.2.

16.2.12. If & is a nonzero coherent sheaf on P, prove that the degree of y(&(i))
coincides with the dimension of its support supp(&’) = {x € P" | & # 0}.

16.3 Cohomology of Analytic Sheaves

As a preparation for the next section, we summarize some analogues of earlier
results in the analytic setting. We start with Stein manifolds, which can be regarded
as analogues of affine varieties. The characteristic feature of these manifolds is the
abundance of global holomorphic functions. A complex manifold X is called Stein
if the following three conditions hold:

(1) Global homolomorphic functions separate points, i.e., given x| # xp, there
exists f € O'(X) such that f(x1) # f(x2).
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(2) Global holomorphic functions separate tangent vectors, i.e., for any xy € X,
there exist global holomorphic functions fi, ..., f; that generate the maximal
ideal at xy.

(3) X is holomorphically convex, i.e., for any sequence x; € X without accumula-
tion points, there exists f € ¢/(X) such that | f(x;)| — ee.

The third condition is a bit less intuitive than the others. It is best illustrated by an
example where it does not hold. Hartogs’ theorem [66] tells us that any holomorphic
function on X = C2 — {0} extends to C2. Thus (3) will fail for any sequence x; — 0.
The first two conditions do hold for this X. Here are a few key examples:

Example 16.3.1. The ball in C" is Stein.

Example 16.3.2. Closed submanifolds of C" (hence in particular, nonsingular affine
varieties) are Stein.

The following is an analogue of Theorem 16.1.5, although it predates it.

Theorem 16.3.3 (Cartan’s Theorem B). Let & be a coherent sheaf on a Stein
manifold. Then H' (X, &) = 0 for all i > 0.

Proof. See [66, Theorem 7.4.3] O

Corollary 16.3.4. An open cover {U;} is Leray for a coherent analytic sheaf if each
intersection U, ;. is Stein. In particular, this applies to open affine covers of non-
singular varieties.

We also have the following finiteness theorem, which is parallel to Corol-
lary 16.2.3.

Theorem 16.3.5 (Cartan—Serre). If & is a coherent sheaf on a compact complex
manifold X, then the cohomology groups H' (X, &) are finite-dimensional.

Proof. A proof can be found in [18, 47] in general. When & is a vector bundle, a
proof due to Kodaira can be given using Hodge theory for the d-operator [49, 120].
O

Exercises

16.3.6. Check that a product of Stein manifolds is Stein.
16.3.7. Check that C" is Stein.
16.3.8. Check that a closed submanifold of a Stein manifold is Stein.

16.3.9. Prove the converse to Cartan’s Theorem B. Hint: Consider exact sequences
0— .4 — Ox — Ox /¥ — 0 for appropriate ideal sheaves.
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16.4 GAGA, Part I1

We complete our discussion of the GAGA theorems. So we assume k = C.
We already stated Theorem 15.4.3, which gives an equivalence between the
categories of coherent algebraic and analytic sheaves on projective space. This
will be deduced from another GAGA theorem that gives comparison of their
cohomologies.

Theorem 16.4.1 (Serre). Let & be a coherent Opn-module. Then there is an isomor-
phism ' '
H'(P",&) =2 H' (P}, &un)-

an’

We start with a special case.

Proposition 16.4.2. The map
U H (B, Opi(d)) — H' (P, Oy, (d))
is an isomorphism for all n and d.

Proof. We first check the result for d = 0. We have that H i(IP’Zn, Opn gn) =
HO4O(P2 ). From Theorem 7.2.2, it follows that H'(P”,,C) is zero if i is odd, and
generated by the fundamental class of a linear subspace L C P otherwise. It follows
that the Hodge structure on H' (P, C) is of type (i/2,i/2) when i is even. Therefore
H)(X) is C if i = 0 and zero otherwise.

Let H C P" be a hyperplane. By induction on n, we can assume that the result

holds for H =2 P"~!. We have an exact sequence
0— Opn(d—1) — Opn(d) — Og(d) — 0,
which yields a diagram

© H{(Op(d—1)) — H(Op(d)) — H'(Ou(d)) -
! ! !
HY(0Op,,(d—1)) — H(Op,,(d)) — H'(O,,(d))

an an

By the induction assumption and the five lemma, we see that the vertical map t* is
an isomorphism for Opn (d) if and only if it is for &pr(d — 1). Since the isomorphism
holds for d = 0 by the previous step, it holds for all d. O

We can now prove Theorem 16.4.1.

Proof. By Theorem 15.3.9, there is a resolution
0—-&—&_1—-—6—&—0,

where r < n and each &; is a sum of a finite number of line bundles Opn (). Let r(&)
denote the length of the shortest resolution of this type. Proposition 16.4.2 implies
the theorem when (&) = 0. If r(&) > 0, then we can find an exact sequence
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0—-%—F —E—0,

where .7 is a direct sum of line bundles and (%) < r(&’). Then the theorem holds
for # and .# by induction on the length. Therefore it holds for & by the 5-lemma.
O

The GAGA theorem can fail for nonprojective varieties. For example, H O(ﬁ’cgn)
is the space of holomorphic functions on C" which is much bigger than the space
H®(O¢n) of polynomials.

Corollary 16.4.3. If X is a smooth projective algebraic variety, then dimH9(X, Q%)
coincides with the Hodge number h?? of the manifold Xy,

We are now ready to outline a proof of Theorem 15.4.3.

Proof. One part of the theorem follows immediately from the previous theorem.
Suppose that &, . are coherent algebraic on P". Then we claim that Hom(&',.% ) &
Hom(&,,-Zan). The left- and right-hand sides are the spaces of global sections of
Hom(F,&) and

Hom(E, F)an = Fom(Epy, Fan),

respectively. These spaces of global sections are isomorphic by Theorem 16.4.1.
In order to make the remainder of the proof clear, we will break it up into a series
of assertions. The last assertion is precisely what we need to obtain the theorem:

(A,) Given a coherent analytic sheaf & on P", there exists a constant dy such that
&(d) is generated by global sections for d > d.

(B,) Given a coherent analytic sheaf & on P", there exists a constant dy such that
H(P",&(d)) =0 fori>0andd > d.

(C,) Every coherent analytic sheaf & on P" arises from a coherent algebraic sheaf.

The logic of the proof is as follows:
Anfl&anl :>An; An = Bn; An = Cn~
We carry out these steps below.

A: We assume for simplicity that & is a torsion-free coherent analytic sheaf on P".
(See the exercises for the general case). Given x € P, choose a hyperplane H
passing through x. Consider the sequence

0— Opn(d—1) — Opn(d) — Oy — 0.
Tensoring this with & yields
0—-&d—-1)—&(d)— &|u(d)—0

(the injectivity of the first map follows from the torsion-freeness of &).
By induction, we may assume assertion (B) for H. Therefore we have that
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H'(&|g(d)) = 0 for d > dy. Therefore, there is a d; such that for d > d; we
get a sequence of surjections

H' (&d—-1))—»HY (&) »H (Ed+1)) = ---.

Since these spaces are finite-dimensional by Theorem 16.3.5, these maps must
stabilize to isomorphisms for all d > d, for some d, > d;. Thus

H(&(d)) — H(&|u(d))

is surjective for d > d,. By induction, we can assume that & |y (d) is generated
by global sections H%(&(d)|y) for d > dy > d,. These can be lifted to sections
HO(&(d)), which will span the stalk & (d),. This proves (A,).

B: (B,) will be proved by descending induction on i. To start the process, observe
that H(P",&(d)) can be computed using the Cech complex with respect to the
standard cover by Corollary 16.3.4. Therefore H'(P",&(d)) = 0 for i > n and
any d. From (A,), we have that &(a) is generated by global sections sy, ...,sy
for some a > 0. These sections can be viewed as maps &'(—a) — &. Thus we
have an exact sequence

O—>%—>ﬁ&>£’—>0,

where .7 = 0(—a)", and Z is the kernel. Since .7 is a direct sum of line
bundles, by Theorems 16.4.1 and 16.2.1, we have H'(%(d)) = 0 for i > 0 and
d > 0. Therefore

H'(&(d)) = H" ! (%(d)).

Thus this step follows by descending induction on i.
C: Since &(d) is globally generated for d > 0 by (A,), we can argue as in B to
show that & fits into an exact sequence

0—-%— Fp—E—0,
where .7, is a direct sum of line bundles. Repeating this yields an epimorphism
F1— A — 0,
where %] is a direct sum of line bundles. Thus we obtain a presentation
T EN FHr — & — 0.

In particular, note that the .%; are algebraic. It follows from the previous step
that f is a morphism of the underlying algebraic sheaves. Consequently, & is
the cokernel of an algebraic map, and hence also algebraic. O
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Exercises

16.4.4. If X is a smooth projective variety, show that H' (X, 6%) = H' (Xan, 0%, ).

16.4.5. Consider the setup in as step A of the proof of Theorem 15.4.3, but without
the torsion-freeness assumption for &. Let .#” = ker[&(—1) — &, where the map
is given by tensoring & with the inclusion of the ideal sheaf of H.

(a) Show that K is supported on H. Thus we can apply the induction assumption to
conclude that H' (% (d)) = 0 for i > 0 and d > 0.
(b) By breaking up

0—-A(d)—&d—-1)—E)— E)|w—0

into short exact sequences, show that H%(&'(d)) — H°(&(d)|g) is surjective for
d>0.



Chapter 17
Computation of Some Hodge Numbers

The Hodge numbers of a smooth projective algebraic variety are very useful
invariants. By Hodge theory, these determine the Betti numbers. In this chapter, we
turn to the practical matter of actually computing these for a number of examples
such as projective spaces, hypersurfaces, and double covers. The GAGA theorem,
Theorem 16.4.1, allows us to do this by working in the algebraic setting, where we
may employ some of the tools developed in the earlier chapters.

17.1 Hodge Numbers of P"

Let S = k[xo,...,x,] and P = P} for some field k. We first need to determine the
sheaf of differentials.

Proposition 17.1.1. There is an exact sequence
0— Qb — Op(—1)""!' = 0p — 0.

Proof. Let Qg = ®Sdx; = §"*! be the module of Kihler differentials of S. Construct
the graded S-module

M =L.(Qp) =T(A"" — {0}, 7°2¢),

where 7 : A"*! — {0} — P is the projection. This can be realized as the submodule
Qg consisting of those forms that annhilate the tangent spaces of the fibers of 7.
The tangent space of the fiber over [xy, ..., x,] is generated by the Euler vector field
> x; a‘i[. Thus a 1-form Y, fidx; lies in M if and only if Y’ fix; = 0.

Next, we have to check the gradings. €2s has a grading such that the dx; lie in
degree 0. Under the natural grading of M = I5.(Q}), sections of QL(U;) that are

generated by
d Xj :xidxj—xjdxi
Xi xiz
D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 279
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should have degree 0. Thus the gradings on €25 and M are off by a shift of
one.
To conclude, we have an exact sequence of graded modules

0—-M— Qs(—1) —m—0, (17.1.1)

where m = (xo, . .., x, ) and the first map sends dx; to x;. Since m ~ §, (17.1.1) implies
the result. O

Dualizing yields the sequence of Example 15.3.10.
Proposition 17.1.2. Suppose we are given an exact sequence of locally free sheaves
0—-o >AB—F—0.
If &7 has rank one, then
0— A QNIEC N B —NE—0
is exact for any p > 1. If € has rank one, then
0N >NB—-N'dQC—0
is exact for any p > 1.

Proof. We prove the first statement, where rank (<) = 1, by induction, leaving the
second as an exercise. When p = 1 we have the original sequence. In general, the
maps in the putative exact sequence need to be explained. The last map A : AP# —
APE is the natural one. The multiplication % ® AP~ % — AP restricts to give
W/ @NP~1% — AP B. We claim that u factors througha map o : &7 @ A\P~1E —
AP 2. For this we can, by induction, appeal to the exactness of

0— A QN6 = NP~ g — \P1g 0.

Since .27 has rank one,
M oo (eranr—24) =0,
so U factors as claimed. Therefore all the maps in the sequence are defined.
Exactness can be checked on stalks. For this the sheaves can be replaced by free
modules. Let {bo,by,...} be a basis for # with by spanning /. Then the images
b1,bs, ... give a basis for €. Then the above maps are given by

a:b0®l_7i1/\"'/\]_7ip_1 — by ®b;, /\---/\bl‘p_17

)LIbil/\---/\bipl—>]_9i1/\"'/\]_7ip,

where --- > i, > i} > 0. The exactness is immediate. O
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Corollary 17.1.3. There is an exact sequence

n+l1

0—Qf — ﬁ]p(—p)( ») —>QHI§71 -0

and in particular,
Qp = Op(—n—1).

Proof. This follows from the above proposition and Proposition 17.1.1, together
with the isomorphism

n+l)

AP[Op(=1)"1) 2= Gp(—p) 0

This corollary can be understood from another point of view. Using the notation
introduced in the proof of Proposition 17.1.1, we can extend the map Qg(—1) — m
to an exact sequence

0— [N1Qg(—n—1) S = [N20)(-2) S Qs(—1) S m—0, (17.1.2)

where .
S(dxil AREE /\dxip) = Z(—l)pxijdxil AREE /\dx,'j AREE /\dxip

is contraction with the Euler vector field. The sequence is called the Koszul complex,
and it is one of the basic workhorses of homological algebra [33, Chapter 17]. The
associated sequence of sheaves is

0— [Nor ) (—n—1) — - — [A2O8T](<2) — [OE1](~1) — Op — 0.

If we break this up into short exact sequences, then we obtain exactly the sequences
in Corollary 17.1.3.

Proposition 17.1.4.

k ifp=q<n,

HY(P,QF) =
( P) {O otherwise.

Proof. When p =0, this follows from Theorem 16.2.1. In general, the same theorem
together with Corollary 17.1.3 implies

HY(QD) = HI ' (™.
Therefore, we get the result by induction. O

When k = C, this gives a new proof of the formula for Betti numbers of P” given
in Section 7.2. By a somewhat more involved induction we can obtain the following
theorem of Raoul Bott:
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Theorem 17.1.5 (Bott). H%(P", QF,(r)) = 0 unless

(a) p=gq,r=0,
() g=0,r>p,
(c)org=mn,r<—n+p.

Proof. A complete proof will be left for the exercises. We give the proof for
p < 1. For p = 0, this is a consequence of Theorem 16.2.1. We now turn to p = 1.
Corollary 17.1.3 implies that

HO\(0/(r) — HIQ' () — HY(O(r— 1)) (17.1.3)

is exact. We use constants e,é’, ... for exponents whose exact values are immate-
rial for the argument. The sequence (17.1.3), along with Theorem 16.2.1, forces
H9(Q'(r)) = 0 in the following four cases: ¢ =0,r < 1;g=1,r<0; 1 < g <n;
q =n,r > —n+ 1. The remaining cases are ¢ = 0,7 = 1 and ¢ = 1,r > 0. The trick
is to apply Corollary 17.1.3 with other values of p. This yields exact sequences

HY(0(r—2))* — HI(Q'(r)) — HTT(Q%(r)) — HT" ' (0(r-2)),

]

HIT N (0(r=3))¢ — HITH QP (r)) — HIP(Q3(r) — HI(0(r = 3))7,

leading to isomorphisms
HO(Q'(1)) = HY(Q*(1) = - = H" 1 (Q"(1)) = H""(O(~n)) = 0.
Likewise, for r > 0,

H' (Q'(r) 2 H*(Q*(r) - - 2 H"Q"(r)) =H"(O(—n—1+7r))=0. O

Exercises

17.1.6. Finish the proof of Proposition 17.1.2.

17.1.7. Given an exact sequence 0 — & — % — € — 0 of locally free sheaves,
prove that the top exterior power det. % is isomorphic to (det.</) @ (det%’). Use this
to rederive the formula for £2g,.

17.1.8. Finish the proof of Theorem 17.1.5.

17.2 Hodge Numbers of a Hypersurface

We now let X C P = I} be a nonsingular hypersurface defined by a degree-d poly-
nomial.
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Proposition 17.2.1. The restriction map
HY(P", Q) — HY(X,QF)
is an isomorphism when p+q < n— 1.
We give two proofs, one now, over C, and another later for general k.

Proof. Let k = C. The weak Lefschetz theorem, Theorem 14.3.1, implies that the
restriction map H' (X4, C) — H'(Y4,, C) is an isomorphism for i < n — 1. The propo-
sition is a consequence of this together with the the canonical Hodge decomposition
(Theorem 12.2.4) and GAGA (Theorem 16.4.1). O

As a corollary, we can calculate many of the Hodge numbers of X.

Corollary 17.2.2. The Hodge numbers h?4(X) equal Opq, where 8, is the Kronecker
symbol, whenn—1# p+q <2n—2.

Proof. We give a proof when k = C. For p+ g < n— 1, this follows from the above
proposition and Proposition 17.1.4. For p+ g > n — 1, this follows from GAGA and
Corollary 10.2.3. a

We prepare for the second proof by establishing a few key lemmas.
Lemma 17.2.3. There is an exact sequence
0— Qf(—d)— QF — Qf|x — 0.
(Recall that Q§|x is shorthand for i*i*Q]f,?, where i : X — P is the inclusion.)

Proof. Tensor
0— Op(—d) — Op— Ox —0

with Qf to get

0 >S2§@§6%(—d) >52§@©@% >52§@©@& >0

V_ V_ V_
0 -al-a) - -9l =0

For the last isomorphism, it is simply a matter of expanding the notation. Observe
that if 1 : X — P is the inclusion, then

Ay =1 =117 @ Ox) = QL  O. O

Lemma 17.2.4. 0 — Ox(—d) — Q}|x — Q} — 0 is exact.
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Proof. We have a natural epimorphism Q]IH x — Q) corresponding to restriction of
1-forms. We just have to determine the kernel. Let f be a defining polynomial of
X, and let M = IL.(Q}) and M = I(2,}). We embed M as a submodule of Qg(—1)
as in the proof of Proposition 17.1.1. In particular, the symbols dx; have degree 1.
Then ker[M/fM — M] is a free S/(f)-module generated by

0
dfzza){idx,».

Thus it is isomorphic to S/(f)(—d). O
Corollary 17.2.5. 0 — Q0 (—d) — QF|x — QF — 0.
Proof. Apply Proposition 17.1.2 to the lemma. O

For the second proof of Proposition 17.2.1, it is convenient to prove something
stronger.

Proposition 17.2.6. If p+qg < n— 1, then

HI(P",QF)  if r =0,

HI(X (=) = {0 o

Proof. We prove this by induction on p. For p = 0, this follows from the long exact
sequences associated to
0— Op(—d—r) — Op(—r) — Ox(—r) — 0

and Theorem 16.2.1.
In general, by induction and Corollary 17.2.5 we deduce

H(X,Q(—r)) = HI(Q(—r)Ix)
forr>0and p+¢g <n—1.Lemma 17.2.3 and Theorem 17.1.5 give

HI(P" QL) it r=0,

HI(Ge(=r)lx) = {0 if r>0.

Exercises

17.2.7. Using Exercise 17.1.7, deduce a version of the adjunction formula Q;}*l =
Ox(d —n—1) with X as above.

17.2.8. Compute H?(X, Q4 ") for all ¢.
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17.3 Hodge Numbers of a Hypersurface I1

As in the previous section, X C IP" is a nonsingular degree-d hypersurface. By Corol-
lary 17.2.2, the Hodge numbers #79(X) equal §,; whenn—1# p+q <2(n—1).
So the only thing left to compute are the Hodge numbers in the middle. The formu-
las simplify a bit by setting 4{?(X) = h?4(X ) — 8,4. These can be expressed by the
Euler characteristics:

Lemma 17.3.1. 4"~ 7P(X) = (—1)"" "7 (QF) + (—1)".

We can calculate these Hodge numbers by hand using the following recurrence
formulas.

Proposition 17.3.2.
(a) ) . .
QP = N (1)) n+1><l—p+]+n>.
wezm =3 (7 (70
(b) _ . y
N [it+n B 1+n—
rloxtiy = (") - (),
(c)

2(QR(0) = 2(QF (1) — 1 (Qf (i~ d) — 2(QF (i~ ).
Proof. Corollary 17.1.3 yields the recurrence

(@R(0) = (: l)x(ﬁp(i—p» (@27,

Therefore (a) follows by induction on p. The base case was obtained previously in
(16.2.4).
Lemma 17.2.3 and Corollary 17.2.5 imply

x(Q283)) = x(QL(0)|x) — x (22 (i—d))
= 1 (QL(i) — x(QL(i—d)) - x(QF (i —d)).
When p = 0, the right side can be evaluated explicitly to obtain (b). O

Corollary 17.3.3. The Hodge numbers of X depend only on d and n, and are given
by polynomials in these variables.

In principle, formulas for all the Hodge numbers can be calculated using the
above recurrence formulas. For example,

HOn=1(x) = (—1)"(”_d> - (d_1>, (17.3.1)

n n

hy" 2 (X) = (—1)" {(n—%— 1)(”; 1> - (n+1)<”_j_ 1) + (”_nz"ﬂ .
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But this gets quite messy as p increases. So, instead, we give a closed form for the
generating function below. Let #”7(d) denote the pgth Hodge number of a smooth
hypersurface of degree d in PP*4*+!. Define the formal power series

H(d) = Y (h"(d) = 8pg)x"y"

Pq

in x and y.

Theorem 17.3.4 (Hirzebruch).

(I4+y) = (1 4x)"!

=gty — (1t

Corollary 17.3.5. Hodge symmetry h’? = hiP holds for smooth hypersurfaces in
projective space over arbitrary fields.

Remark 17.3.6. Hodge symmetry can fail for arbitrary smooth projective varieties
in positive characteristic [90].

Corollary 17.3.7. If X C PZ’CH has degree 2, then b,(X) = 0 if n is odd; otherwise,
bu(X) = W"/212(X) =2.

Proof.
1

HR)= |

O

By expanding the series H(3) for a few terms, we obtain the following corollary:

Corollary 17.3.8. If X C P"*! has degree 3, the middle hodge numbers are

1,1
0,7,0
0,5,5,0
0,1,21,1,0
0,0,21,21,0,0

forn <5.

Although this result can be deduced from the previous formulas in principle,
Hirzebruch [63, 22.1.1] obtained this from his general Riemann—Roch theorem.
His original formula gave a generating function for y(£2%); the above form can
be obtained by a change of variables, cf. [30, Example XI Corollary 2.4]. Similar
formulas are available for complete intersections. We will be content to work out the
case y = 0. On one side we have the generating function ¥ #"*(d)x". By (17.3.1),

this equals
¥ d—1 xn_(1+x)d*‘—1
n+1 N x ’

which is what one gets by substituting y = 0 into Hirzebruch’s formula.
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Exercises

17.3.9. Prove Lemma 16.2.4.

17.3.10. Calculate the Hodge numbers of a degree-d surface in P (a) using the
recurrence formulas, (b) using the generating function. Compare the expressions.

17.3.11. Prove that for every fixed d and p, there exists go such hP4(d) = 0 for
q 2 qo.

17.4 Double Covers

Our goal is to compute the Hodge numbers for another natural class of examples that
generalize hyperelliptic curves. Let f(xo,...,x,) € Clxo,...,x,] be a homogeneous
polynomial of degree 2d such that the hypersurface D C P" = P defined by f =0
is nonsingular. Let 7 : X — P be the double cover branched along D (Example
3.4.9). By construction, this is gotten by gluing the affine varieties defined by yi2 =
Sf(x0,-..,1,...,x,) over U;. It follows that X is nonsingular. Using these coordinates,
it is also clear that the local coordinate ring Ox (n~'U;) is a free &(U;)-module
generated by 1 and y;. Globally, we have

n.Ox 2 Op®L,

where L is the line bundle locally generated by y;. The ratios y;/y; give a cocycle
for L, from which it easily follows that L = &'(+d). To get the correct sign, we need
to observe that L is a nontrivial ideal in 7, 0%, so it has no nonzero global sections.
Therefore we obtain the following:

Lemma 17.4.1.
n.Ox = Op® ﬁ]p(—d).

It is worth observing that the summands ¢p and Op(—d) are exactly the invariant
and anti-invariant parts under the action of the Galois group, which is generated by
the involution o : y; — —Yy;. A more abstract, but less ad hoc, argument involves
observing that Op @ Op(—d) is a sheaf of algebras, and defining X as its relative
spectrum [35]. Then the lemma becomes a tautology. We need an extension of the
previous lemma to forms:

Lemma 17.4.2 (Esnault-Viehweg). There are isomorphisms
m.QF = QL @ (QF(logD) ® O(—d))

for every p.

Proof. We sketch the proof. See [35, pp. 6-7] for further details. The Galois group
acts on n*Qf; . We check that the invariant and anti-invariant parts correspond to
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QF and QF (logD) @ 0(—d) respectively. It is enough to do this for the associated
analytic sheaves. By the implicit function theorem, we can choose new analytic local
coordinates such that X is given locally by y* = x;. Then y, x, ... , X, are coordinates
on X, so that their derivatives locally span Q)l(. It follows that a local basis for 7, Q)'(
is given by

1 dx
ydy = del,dXQ,...,dxn, dy=y2 lyydx%"'vydx”'
N ~ PN X -~ -
invariant anti-invariant

The forms in the first group are invariant and give a local basis for QH}). The
remainder are anti-invariant and form a local basis for Qfl(logD) ® O(—d).
By taking wedge products, we get a similar decomposition for p-forms. a

Corollary 17.4.3.
HY(X,Qf) = HI(P,QF) & HI(P,Qf (logD) @ O(—d)).

Proof. Let {U;} be the standard affine cover of P". Then U; = 7~ 'U; gives an affine
cover of X. We can compute HY(X, Q%) using the Cech complex

C({U},2f) = C({Ui}, Qf) & C({Ui}, 2f (log D)),
which decomposes into a sum. This decomposition passes to cohomology. O
Corollary 17.4.4. We have
hP(X) = 8, + dimcoker[H! ™ (5! (—d)) — HI(QL(~d))]
+dimker[HY(Q5(—d)) — H* (Qf (—d))]
in general, and h"1(X) = 8,4 if p+q < n.

Proof. This follows from (12.6.4) from §12.6 together with Bott’s vanishing
theorem, Theorem 17.1.5. O

We can obtain more explicit formulas by combining this with earlier results.

Exercises

17.4.5. When n = 2, check that h%2(X) = =) and a1 (X) = 3d> — 3d +2.

17.4.6. Verify that h79(X) = 6,4 also holds when p + ¢ > n.
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17.5 Griffiths Residues*

In this section, we describe an alternative method for computing the Hodge numbers
of a hypersurface due to Griffiths [48], although the point is really that the method
gives more, namely a method for computing the Hodge structure (or more precisely
the part one gets by ignoring the lattice). Further details and applications can be
found in books of Carlson, Peters, Miiller-Stach [17, §3.2] and Voisin [116, Chapter
6] in addition to Griffiths’ paper. We work over C in this section.

Suppose that X C P = P"*! is a smooth hypersurface defined by a polynomial
f € Clxo,...xp41] of degree d. Let U = P — X. The exact sequence (12.6.5) yields

Hn—l(X) HI_In(IP;) N Hn+1(U) _ Hn(X) —>H’1+2(IP)).

The first map is an isomorphism by weak Lefschetz. Therefore H"*!(U) maps iso-
morphically onto the primitive cohomology P"(X) = ker[H"(X) — H"*+?(IP)]. This
is the same as H"(X) if n is odd, and has dimension one less if n is even. The
Hodge filtration on F?H"*!(U) maps onto the Hodge filtration on X with a shift
FP~1P"(X). We refer to Section 12.6 for the definition of this and of the pole filtra-
tion Pole”? H""!(U). The key step is to compare these filtrations.

Theorem 17.5.1 (Griffiths). The Hodge filtration FPP"(X) coincides with the
shifted pole filtration Pole? ™\ H"*\(U). This can, in turn, be identified with the
quotient
HO(Q§" ! ((n—p+1)X))
dH(Qg((n— p)X))

Proof. For p = n, this is immediate because
F'P"(X) = F"" ' H" T (U) = HO(Q (logX)) = HO(QET1(X)).
For p =n— 1, we use the exact sequence
0— Qf ,(logX) — QE(X) % Q! (2X) — 0,
where Qp (.. .) is the subsheaf of closed forms. Then
HO(Q(X)) % HO(Q1+ (2X)) — H'(QF(10g X)) — H' (Q4(X)).
On the right, the group H'(Q2p(X)) is equal to H'(Q(d)) = 0 by Bott’s
Theorem 17.1.5. Thus F"H" 1 (U) = H' (2} ,,(log X)) is isomorphic to the cokernel

of the first map labeled by d. This proves the theorem for this case. The remaining
p’s can be handled by a similar argument, which is left for the exercises. a
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This can be made explicit using the following lemma:
Lemma 17.5.2. Let
=Y (~1)xidxo A Adxi A+ Adxys 1.

Then

H QM (kX)) = {gf(;: | g homogeneous of deg = kd — (n+ 2)} .

With these identifications, elements of P"(X) can be represented by homo-
geneous rational differential forms ga /f* modulo exact forms. Set

(C[X(), s axn+1]

(af/axlv"'aaf/aanrl).

The ring inherits a grading R = ®R; from the polynomial ring. We define a map
P"(X) — R by sending the class of g/ f* to the class of g.

Theorem 17.5.3 (Griffiths). Under this map, the intersection of H" P (X, Q%) with
P"(X) maps isomorphically to Ry ,), where ©(p) = (n—p+1)d— (n+2).

This leads to an alternative method for computing the Hodge numbers of a
degree-d hypersurface.

Corollary 17.5.4. h?9(d) — 8, is the coefficient of t*P) in (1 414 -~ +1472)"+2,

Proof. We can assume that f = x‘g +x‘{’ 4 —&—x‘j{ -1 18 the Fermat equation. It suffices
to prove that the Poincaré series of R, which is the generating function p(f) =
Y dimR;t', is given by

p(f) = (1 St +fd_2)’1+2.
Note that

(C[x()v"'aanrl] ~ (C[X] ® (C[X]

R= (ngl,x‘lj*l ) T (xd1) T (xd 1)

®-++  (n+2 times).

)

Since Poincaré series for graded rings are multiplicative for tensor products, p(r)
is the (n+2) power of the Poincaré series of C[x]/(x?~!), and this is given by the
above formula. O
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Exercises

17.5.5. Using exact sequences
0—Qp ((j—1DX)— Q' ((j—1)X) — QE(jX) =0
and identifications

FpHn+1(U) an+1—P(Q]§Cl(]ogX)) > Hn+1—P(Q]§Cl(X))7

finish the proof of Theorem 17.5.1.



Chapter 18
Deformations and Hodge Theory

We have now come to the penultimate chapter. Over the course of this book, we
have introduced a number of invariants, such as Betti numbers, Hodge numbers,
and Picard numbers, that can be used to distinguish (complex smooth projective)
varieties from one another. Varieties tend to occur in families. For example, we
have encountered the Legendre family y?> = x(x — 1)(x — A) of elliptic curves.
We have, at least implicitly, considered the family of all nonsingular hypersurfaces
Zado...dnxgo ...x% = 0 of fixed degree. So the question is, what happens to these
invariants as the coefficients vary? Or in more geometric language, what happens
as the variety deforms? For Betti numbers of complex smooth projective varieties,
we have already seen that as a consequence of Ehresmann’s theorem, they will not
change in a family, because all the fibers are diffeomorphic. However, as algebraic
varieties, or as complex manifolds, they can be very different. So it is perhaps
surprising that the Hodge numbers will not change either. This is a theorem of
Kodaira and Spencer, whose proof we outline. The proof will make use of pretty
much everything we have done, plus one more thing. We will need a basic result due
to Grothendieck in the algebraic setting, and Grauert in the analytic, that under the
appropriate assumptions, the dimensions of coherent cohomology are upper semi-
continuous. This means that the Hodge numbers could theoretically jump upward at
special values of the parameters. On the other hand, by the Hodge decomposition,
their sums, which are the Betti numbers, cannot. That is the basic idea. In the last
section, we look at the behavior of the Picard number. Here the results are much
less definitive. We end with the Noether—Lefschetz theorem, which explains what
happens for general surfaces in ]P’?C.

18.1 Families of Varieties via Schemes

Fix an algebraically closed field k. Let R = € (Y) be the coordinate ring of an affine
variety Y over k. Given a collection of polynomials f;(x1,...,x,5y) € R[x1,... %],
the collection of subschemes

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 293
DOI 10.1007/978-1-4614-1809-2_18, © Springer Science+Business Media, LLC 2012
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V(fi(x,0)) ={ac A} | fi(a,b) =0}, DbeY, (18.1.1)

is what we mean by a family of subschemes of A} parameterized by Y. This can be
formulated more geometrically as follows. Affine space over Y or R is

Ay = A = Specy, R[xy, ..., x,| 2 A X Y.
LetI C R[xy,...,x,] be the ideal generated by the f;’s. We get a morphism
Specn (R[x1,...,x,)/I) — Specy R =Y,
and the members of the above family are precisely the fibers
Specn(R[x1, ..., x,) /I @R/ my) = Speckixy,...,xn]/(fj(x,))

over the points b € Y.

Given a collection of polynomials f;(xo,...,%,;y) € S = R[xo,...,x,] homoge-
nous in the x’s, the above setup (18.1.1) can be easily modified to define a family
of subschemes of /.. In more coordinate-free terms, let I C S be the homogeneous
ideal generated by the f;’s. Then we can construct an ideal sheaf . = Ton projective
space over Y,

y =Pr=P; xY,

by mimicking the procedure in Section 15.3. We then get the associated closed sub-
scheme X =V (%) C P}, which fits into the diagram

X >]P)Z><Y

NS

The family is the set of fibers of . An equivalent alternative is to use the Proj functor
from graded rings to schemes given in [60]. Then V(.#) = Proj(S/I). In general, a
family of (projective) schemes over a scheme Y is nothing more than a morphism of
schemes f : X — Y (fitting into a diagram as above).

Example 18.1.1. Fix d,n, and let V =V, , be the vector space of all degree-d homo-
geneous polynomials in n + 1 variables. Then

Upa={([av,...,an),[F]) € Py xP(V) | F(ao,...,an) =0}
with its projection to IP(V,,) is the universal family of degree-d hypersurfaces.

Our notion of a family of schemes needs some fine tuning. At least for a “good”
family, we would like have to some uniformity among fibers. For example, we would
like the dimensions of the fibers to be the same. However, the example of a constant
map A} — A} shows that our present notion is too general. We can certainly avoid
this sort of example by requiring surjectivity, but this is not enough either:
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Example 18.1.2. Consider the morphism
B={(x,y,1) €A} |y —xt =0} — A?

given by projection to (x,y). The fiber over (0,0) is one-dimensional, but the other
fibers are zero-dimensional.

However, on the positive side, we have the following:

Proposition 18.1.3. If f : X — Y is a surjective morphism of a variety to a non-
singular curve, then all fibers have dimension equal to dimX — 1.

Proof. Fix p € Y. We can assume that X and Y are affine. By assumption, Y is
the spectrum of a Dedekind domain [8, Chapter 9]. Therefore, we can assume (after
shrinking Y further) that the maximal ideal m,, is principal. Therefore the fiber f ~Ip
is also defined by a principal ideal, and the result follows from Krull’s principal ideal
theorem [8, Corollary 11.17]. O

Over more general bases, the right notion, due to Grothendieck, of a good family
is more subtle. To partially motivate it, let us look at a case in which things could
go wrong. Suppose Y = Spec,, R is affine, and that X were reducible and had a
component X that mapped to a proper subvariety of Y. Then fibers need not have the
same dimension. Choosing a nonzero regular function r € R vanishing along f(X}),
r would annihilate any function vanishing along X — X;. So this is something to
avoid; in good cases, T = € (U ) should be a torsion-free R-module for any nonempty
open U C X. Example 18.1.2 shows that torsion-freeness is still too weak, but at
least we are heading in the right direction. Torsion-freeness is equivalent to the
injectivity of /@ T — T for every principal ideal I C R. Requiring this for every
ideal is equivalent to the flatness of 7', and this is the key.

Definition 18.1.4. Let R be a commutative ring. An R-module T is flat if T @ g N —
T ®@r M is injective whenever N — M is an injective map of R-modules. If ¥ =
Specy, R, a morphism or family f : X — Y of schemes is flat if &(U) is a flat
R-module for every open set U C X. For general Y, f is flat if f~'U; — U; are
flat for some affine open cover {U;} of Y.

Standard properties of flat modules can be found in [15, 33], and these show that
the last part of the definition is well defined. Some intuition behind the geometric
meaning of flatness can be found in [34, 60, 92]. Example 18.1.1 is flat. We point
out one aspect that makes this property attractive. We will deduce a special case of
this from a stronger result in the next section.

Proposition 18.1.5. The fibers of a flat surjective morphism of varieties f : X — Y
all have the same dimension dimX — dimY.

Proof. See [60, Chapter III, Proposition 9.5]. a
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We can recover Proposition 18.1.3 from this by the following observation:

Lemma 18.1.6. If f : X — Y is a surjective morphism of a variety to a nonsingular
curve, then it is flat.

Proof. The lemma is a consequence of the well-known fact that a torsion-free
module over a Dedekind domain is flat. This fact can be proved by observing that
torsion-free modules over Dedekind domains are direct limits of finitely generated
locally free modules, and applying Exercise 18.1.12. a

We encountered smoothness very briefly already as the algebraic analogue of a
submersion, which is to say that the maps on Zariski tangent spaces were required to
be surjective. This definition does not work well if the varieties are singular. Instead,
we can formulate the definition directly using a Jacobian criterion below.

Definition 18.1.7. A morphism f : X — Y of schemes is smooth (of relative dimen-
sion m) at p € X if it is locally given by

Specu RIx1,- -y Xntm)/ (fis-- -y fn) — Specm R,

af; B
rank (Qx‘,‘ (p)) =n.

The morphism is smooth if this holds for all p € X.

where

To be clear, “locally” above means that both X and Y are allowed to be replaced
by neighborhoods of p and f(p) respectively.

Example 18.1.8. Let Vy , and %, ,, be as in Example 18.1.1. There is a hypersurface
A C P(Vy,) parameterizing singular hypersurfaces. The restriction of %, —
P(Va ) to the complement of A is smooth.

Lemma 18.1.9. When Y = Spec,, k is a point, p € X is smooth in this sense if and
only if it is nonsingular or smooth in the sense of Definition 2.5.14.

Proof. Locally, we have

X = Specmklxi, ..., Xnam]/(fis-- s [n)s

so that dimX > m by Krull’s theorem [8, Corollary 11.6]. On the other hand, the
Jacobian at p has rank n, which implies that dim Ty , = m. Since m < dim Oy, <
dimTy , by standard commutative algebra, this forces p € X to be nonsingular
or smooth in the sense of Definition 2.5.14. The converse is also true by [92,
Chapter III, §4, Theorem 4], so these are equivalent conditions. O

In general, we have the following characterizations. In particular, smooth maps
between nonsingular varieties are indeed the same as submersions:
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Theorem 18.1.10. Let f : X — Y be a morphism. Then

(a) The morphism f is smooth of relative dimension m if and only if f is flat and all
the fibers are nonsingular of dimension m.

(b) If X and Y are nonsingular, then f is smooth if and only if it induces a surjection
on all tangent spaces Ty — Ty(y).

Proof. See [92, Chapter III, §10, Theorem 3'] for (a).

Now suppose that the spaces are nonsingular. From our definition of smooth-
ness, it is clear that the map on tangent spaces given by the Jacobian has maximal
rank. Conversely, we may apply [60, Chapter III Propositions 10.1, 10.4] to see that
conditions (a) hold. a

This can be modified to prove that Definition 18.1.7 is equivalent to the usual
definition of smoothness given in [60].

Exercises

18.1.11. Let R = O(Y) be the coordinate ring of an affine variety, and let § =
R[xg,...,x,]. Given a graded S-module M, construct a sheaf of modules M on P}
using (15.3.1) and whatever refinements are needed. Show that this is coherent if M
is finitely generated.

18.1.12. Prove that the following examples are flat R-modules:

(a) Free modules.

(b) Direct summands of flat modules, hence locally free modules.

(c) Unions of a directed families of locally free modules. A family of subsets is
directed, or filtered, if the union of any pair of members of the family is con-
tained in another member.

(d) R[x1,...,xn).

18.1.13. Show that Example 18.1.2 is not flat directly without appealing to
Proposition 18.1.5.

18.1.14. Check the smoothness of Example 18.1.8.

18.1.15. Given a morphism f : X — Y, the relative differentials are defined by
Q) = coker[Q} — Q}]. Show that if f is smooth of relative dimension 7, then

Q)l(/y is locally free of rank n.

18.2 Semicontinuity of Coherent Cohomology

In the last section, we defined the notion of a family of subschemes of P, which
amounted to a family of ideal sheaves. It is convenient to extend this a bit. We can
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regard a coherent sheaf .2 on [P}, as a family of coherent sheaves %y, = .4 |pn, ()
on [P} parameterized by Y. In more explicit terms, when Y is affine with coordinate
ring R = O(Y), a finitely generated graded module M over

S =R[x0,...,xn) :@Si

gives rise to a coherent sheaf .Z = M on P}, = Py x Y by Exercise 18.1.11. Then

—~—

My=MRgR / my. The basic question that we want to address is, how do the dimen-
sions of the cohomology groups

W () = dimH' (.,)
vary with y € Y? Let us consider some examples.

Example 18.2.1. Let M be a finitely generated graded k[xo,...,x,]-module. Then

R®j M is a finitely generated graded S-module. . = R® M is a “constant” family
of sheaves; we have /7|, = M. This can be constructed geometrically. Let 7w : P} x
Y — Y be the projection. Then .# = n*(M). Clearly y — h'(.#,) is a constant
function of y.

In general, this is not constant:

Example 18.2.2. Set R = k[s, 1], and choose three points
pP1= [0707 1]7 P2 = [s707 1]7 P3 = [O,I, 1]

in ]P’% with s,¢ variable. Let .# be the ideal sheaf of the union of these points in
]P’,ze = ]P’% X A%. This can also be described as 7, where [ is the product

(x,y,z—1)(x—=s,v,z2—1)(x,y—1,2— 1) CR[x,y,2].

Consider .# (1) = I(Af) The global sections of this sheaf correspond to the space of
linear forms vanishing at py, p2, p3. Such a form can exist only when the points are
collinear, and it is unique up to scalars unless the points coincide. Thus

2ifs=1=0,
ho(f(l)(m) =4 1if s=0or¢ =0 but not both,
0ifs#0andr#0.

One can also see that (% (1)(;,)) = x(Op2(1)) — 3 is constant, so h! has similar
jumping behavior.

In the above example, the sets where the cohomology jumps are Zariski closed.
This is typical:

Theorem 18.2.3 (Grgthendieck). Let R be an affine algebra, and Y = Spec,, R.
Suppose that .# = M, where M is a finitely generated graded S = Rlx, ... ,x,]-
module that is flat as an R-module. Then
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y s B ()

is upper semicontinuous, i.e., the sets {y | h'(.#y) > r} are Zariski closed. The Euler
characteristic

vy x () = Y (= 1)'H (M)

is locally constant.

By GAGA, we deduce semicontinuity of 4'(.#4,) under the same conditions.
In fact, Grauert has established more general statements in the analytic setting where
GAGA is not available. Precise statements and proofs can be found in [47, 46].
The following important corollary is actually a characterization of flatness [60,
Chapter I11, 9.9].

Corollary 18.2.4. If X — Y is a flat family of projective schemes, then the Hilbert
polynomial x(0Ox,(d)) is locally constant. In particular, the fibers have the same
dimension over connected components.

We now set up the preliminaries for the proof of Theorem 18.2.3. Let

c‘(M)ZQ?M[;]OHi@M[ ! h_>...

XiXj

denote the Cech complex of .# = M with respect to the standard affine cover of
IP%. This is a complex of flat R-modules by assumption. The Cech complex of the
fiber .#, can be identified with C*(M ® R/my) = C*(M) ® R/m,. Theorem 7.4.5
and Corollary 16.1.8 imply the following:

Lemma 18.2.5.

(a) A(C*(M)) = H' (P, .4 ).
(b) A (C*(M) @ R/my) = H'(Pg, . 4Ay).

Most of the arguments of Chapter 16 can be reprised to prove that these coho-
mologies are finitely generated as R-modules (see [60]). Therefore the flat complex
C*(M) can be replaced by a complex D*® of finitely generated locally free R-modules
with the same property (b) by the following lemma:

Lemma 18.2.6. Suppose that C® is a finite complex of flat R-modules with finitely
generated cohomology. Then there exist a finite complex D*® of finitely generated
locally free modules and a map of complexes D* — C*® such that

H(D*@N) = A (C°N)
for any R-module N.
Proof. See [93, pp. 47-49]. a

We now prove Theorem 18.2.3.
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Proof. We assume that a complex D*® of finitely generated locally free modules has
been constructed as above. By shrinking Y if necessary, there is no loss in assuming
that these are free modules. Thus the differentials D' — D*! can be represented by
matrices A’ over R = &(Y). The differentials A®(y) of D* ® R/m, are obtained by
evaluating these matrices at y. We note that

I (My) = rank(D') — rank(A’(y)) — rank(A"" ! ()).

Thus the inequality /'(M,) > r can be expressed in terms of vanishing of the
appropriate minors of these matrices, and this defines a Zariski closed set.
By Lemma 11.3.3, y(M,) is the alternating sum of ranks of the D. This is inde-
pendent of y. a

Exercises

18.2.7. The arithmetic genus of a possibly singular curve X is 1 — y(Ox). Calculate
it for a plane curve.
18.2.8. Show that Theorem 16.1.5 fails for j, &y as defined in the Exercises of §15.1.

—~—

18.2.9. Let 7 : P, — Y be the projection. Show that Rz, (.#) = s#(D*) with the
notation used above in the proof of the theorem.

18.2.10. Show that the functions h'(.#,) are all locally constant for all i if and only
if the sheaves R, (/) are all locally free for all i.

18.3 Deformation Invariance of Hodge Numbers

In this section, we revert to working over C.

Theorem 18.3.1 (Kodaira—Spencer). If f : X — Y is a smooth projective morphism
of nonsingular varieties, then the Betti and Hodge numbers of all the fibers are the
same.

Proof. The map f is a proper submersion of the associated C”-manifolds. Therefore
any two fibers X; and X, are diffeomorphic by Theorem 13.1.3. Thus they have the
same Betti numbers. By Theorem 18.2.3, for all p,q, there are constants gP? such
that

hi(X,) > g (18.3.1)

for all # € X with equality on a nonempty open set U. Suppose that (18.3.1) is strict
for at least one pair p,q and r ¢ U. Choose a point s € U. Then we would have

N bi(X) =Y hM(X) > Y gM = bi(X,),
i P4 P4 i

which is impossible. O
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This result relies on the Hodge theorem in an essential way, and generalizes to
compact Kihler manifolds. However, it is known to fail when C is replaced by a field
of positive characteristic. Also it can fail for many of the other invariants considered
so far, even over C. We consider some examples below.

We want to discuss one more positive result. For a smooth projective variety X,
the canonical bundle wyx = Q)‘}imx and the nth plurigenus is defined by

P.(X) =1(X, 05™).

These invariants are of fundamental importance in the classification theory of sur-
faces, which we briefly touched on, and also in the study of higher-dimensional
varieties. Gentle introductions to the latter highly technical subject can be found in
[73, 83]. There are examples of surfaces that can be distinguished by plurigenera,
but not by Hodge numbers alone. Curves have three distinct types with different
behaviors: P!, elliptic curves, and everything else. A similar division can be made
in higher dimensions using growth rates of the plurigenera as a function of n, which
is called the Kodaira dimension. From this point of view, the analogues of P! are
the varieties for which all the plurigenera are zero. The “everything else” category
consists of the varieties of general type. These are the X for which P,(X) grows at
the maximum possible rate, which is to say like a polynomial of degree dimX. For
example, X has general type if wy is ample. The first plurigenus P; (X) = h'0(X) is
deformation-invariant by the above theorem, and the result was long conjectured for
all n. Siu [107] proved this for the class of varieties of general type, and later for all
varieties. A simplified presentation of the proof can be found in Lazarsfeld’s book
[78, §11.5]. We can get a very special case quite cheaply from what we have proved
so far.

Theorem 18.3.2. Suppose that f : X — Y is a smooth projective morphism of com-
plex varieties such that wy, is ample for some 0 € Y. Then P,(X,) = P,(Xo) for all
n > 0andy in a Zariski open neighborhood of 0.

Proof. We may assume that n > 1. Using standard ampleness criteria [60], one can
see that there is an open neighborhood of 0 such that wy, is ample for all y € U.
By Kodaira’s vanishing theorem (Corollary 12.6.4),

H'(Xy,08") =0
fory € U, i > 0 (and the standing assumption n > 1). Thus
Pu(X,) = x(f")

is constant. g
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Exercises

18.3.3. Give a formula for the nth plurigenus of a smooth projective curve using
Riemann—Roch.

18.3.4. There exist examples of surfaces X for which coff‘2 >~ O but with wy non-
trivial. Check that P,(X) = 0 when n is odd, and 1 if even.

18.4 Noether-Lefschetz*

The Picard number is an important and subtle invariant that is not stable under
deformation. For example, we saw in Section 11.2 that the Picard number of E x E
is not constant. But any two (products of) elliptic curves are deformation equivalent,
since any elliptic curve can be realized as a smooth cubic in P2. Let us now look at
surfaces in 3.

Theorem 18.4.1 (Noether—Lefschetz). Let d > 4. Then there exists a surface X C
IP’% of degree d with Picard number 1.

Remark 18.4.2. Noether refers not to Emmy, but her father Max, who was also a
mathematician.

Remark 18.4.3. The result is true “for almost all” surfaces. See the exercises.

Before getting to the proof, we need to explain one key ingredient, which is the
space of all curves in . In order to motivate this, consider the corresponding prob-
lem for curves in P2. A curve in the plane is determined by a single homogeneous
polynomial in Clxp,x;,x;] unique up to scalars. Thus a plane curve is determined
by its degree d and a point in the projective space of polynomials of degree d. For
a curve C C P3 (which we understand to mean a 1-dimensional subscheme), things
are more complicated. We first fix the discrete invariants, which are the degree and
genus. These can be identified, up to a change of variables, with coefficients of the
Hilbert polynomial y (&¢(m)). The curve C is determined by a homogeneous ideal
I C S=Clxp,x1,x2,x3], and the set of these cannot be parameterized directly by any
reasonable algebrogeometric object. The key technical result is the following:

Proposition 18.4.4 (Grothendieck). Fix a linear polynomial p(m) € Q[m]. Then
there exists a constant d depending only on p(m) such that for any curve C C P
with x(Oc(m)) = p(m), the ideal Ic = I.(9¢) is generated by elements of degree
d. Furthermore, e = dim(Ic NSy) is determined by p(m).

Proof. The most natural proof can be found in [91, Lecture 14] using what is now
referred to as Castelnuovo—Mumford regularity. a
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Thus we see that C is determined by the subspace Ic N S; C S;. So the set of
curves with Hilbert polynomial p is parameterized by a subset of the Grassmannian
of e-dimensional subspaces of S;. This is an important first step, but there is more
to do. Then end result is the following theorem:

Theorem 18.4.5 (Grothendieck). Fix a linear polynomial p € Q[m]. There is a pro-
Jjective scheme H = Hilbﬁ;, called the Hilbert scheme, with a universal flat family
€ — H of curves in IP’% with Hilbert polynomial p. Universality implies that every

curve with Hilbert polynomial p occurs as a fiber of € exactly once.

Proof. An intuitive account can be found in [34, Chapter VI §2.2]. For more precise
details, see [37]. O

Remark 18.4.6. Although we have stated only a special case, the result is much more
general. It holds for arbitrary subschemes of 7.

We can now prove Theorem 18.4.1

Proof. Let X C IP? be a smooth surface of degree d > 4. From the exact sequence
0— Ops(—d) — Ops — Ox — 0

and Theorem 16.2.1, we can deduce that H' (X, 0x) = 0 and H*(X, Ox) # 0. From
the exponential sequence

H'(X,0x) — Pic(X) — H*(X,Z) — H*(X, O%)

we can conclude that ¢ : Pic(X) — H?*(X,Z) is injective but not surjective. In fact,
it is not surjective after tensoring with Q.

Now we will apply the language and results of §14.4. Choose a Lefschetz pencil
{X;},cp1 of surfaces, let X — P! be the incidence variety, and let U C P! be {t|X,
is smooth}. Call t € P! special if for some p € Q[m], all the curves parameter-
ized by Hilb” lie on X;. There are only countably many special values. So we can
choose anonspecial fo € U. Therefore any curve lying on X;, will propagate to all the
members X; of the pencil. In particular, it can be “pushed along” any path covering
a loop in U. Consequently, the group NS = ¢;(Pic(X;,)) generated by curves on
Xy, is stable under the action of 7 (U,19). (A less fishy argument is outlined in
Exercise 18.4.10.) By Proposition 14.4.10, H*(X,,,Q) = im(H*(P*)) ®V, where V
is generated by vanishing cycles. The fundamental group 7; (U ,#j) acts irreducibly
on V. Since NS ® Q contains im(H?(P?)), it follows that either NS ® Q equals
im(H?(P3)) or it equals H?(X,,). The last case is impossible, because ¢; ® Q was
not surjective. Therefore NS ® Q = im(H?(P3)) = Q. |

Exercises

18.4.7. Is the restriction d > 4 in Noether—Lefschetz necessary?
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18.4.8. Let X C IP* be a smooth quartic containing a line ¢ (refer back to the
exercises of §11.1). Prove that the Picard number of X is at least 2.

18.4.9. Using the Baire category theorem (that a countable union of nowhere-dense
sets in a complete metric space is nowhere dense), show that the subset of surfaces
for which the conclusion of Noether—Lefschetz fails is nowhere dense in the projec-
tive space of all surfaces of degree d > 4.

18.4.10. Let
¢ =X
v Y
v >U

be a commutative diagram, where V /U is a finite unbranched Galois cover with
Galois group G, and ¥ is a family of curves in the fiber product X X V. Choose
sp € V lying over fy. These assumptions ensure that we have an exact sequence

1—m(V,s0) = m(U,tp) — G — 1.

(a) Show that the restriction o = ¢1(0x (¢))|x,, belongs to H 2(X,)™ (), where we
identify the fiber of X xy V over so with Xj;.

(b) Show that the span of the G-orbit of ¢ lies in NS(X;,) and is stable under
m (Ua t())'

For X, as in the proof of Theorem 18.4.1, a Hilbert scheme argument shows that
any curve C C X;, can be extended to such a family %" after possiblly shrinking U.
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Chapter 19
Analogies and Conjectures

In this final chapter, we end our story by beginning another. Although we have
mostly worked over C, and occasionally over a general algebraically closed field,
algebraic geometry can be done over any field. Each field has its own character:
transcendental over C, and arithmetic over fields such as Q,F,,.... It may seem
that aside from a few formal similarities, the arithmetic and transcendental sides
would have very little to do with each other. But in fact they are related in deep and
mysterious ways. We start by briefly summarizing the results of Weil, Grothendieck,
and Deligne for finite fields. Then we return to complex geometry and prove Serre’s
analogue of the Weil conjecture. This result inspired Grothendieck to formulate his
standard conjectures. We explain some of these along with the closely related Hodge
conjecture. These are among the deepest open problems in algebraic geometry.

19.1 Counting Points and Euler Characteristics

Let IF, be the field with ¢ = p" elements, where p is a prime number. Consider the
algebraic closure k = I_F,, = UFy». Suppose that X C IP’f is a quasiprojective variety
defined over I, that is, assume that the coefficients of the defining equations lie in
F,. Let X(IF,») be the set of points of P%]pn satisfying the equations defining X. Let

N,(X) be the number of points of X (F ). Here are a few simple computations:

Example 19.1.1. N, (Aﬁlp) = p"".
Example 19.1.2. Expressing P = A" UA” 1 U--- as a disjoint union yields
Na(BfE,) = p™ 4 p" D o pt L
Example 19.1.3. Nn((Pﬁ:p)’") =("+1)m
The last two computations are based on the following obvious properties.

D. Arapura, Algebraic Geometry over the Complex Numbers, Universitext, 307
DOI 10.1007/978-1-4614-1809-2_19, © Springer Science+Business Media, LLC 2012
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(1) Additivity:
Na(X) = Na(X = Z) + Nu(Z)

whenever Z C X is closed.
(2) Multiplicativity:
Ny(X X Y) =N, (X)N,(Y).

Now let us return to complex geometry, so that k = C. The Euler characteristic
with respect to compactly supported cohomology is

Xe(X) = (—1)'dimH.(X,R).

It is not difficult to compute this number in the above examples using the techniques
from the earlier chapters:

Xe(AE) =1, 2c(Pg) =m, x((Pc)")=2"

This leads to the following curious observation that if we set p = 1 in the above
Sformulas, then we get x.. Is there a deeper reason for this? First note that although
we defined compactly supported cohomology using differential forms in Section 5.4,
there is a purely topological definition that works for any locally compact Hausdorff
space. We can set
H(X)=H'(X,X —X)

for any (or some) compactification X. Then (7.2.1) and a little diagram chasing
yields the long exact sequence

= H(X) = H(X) = H(X -Z) - H(X) = ---. (19.1.1)
The first clue that there is a deeper relation between N, and . is the following.
Lemma 19.1.4. The invariant y. is additive and multiplicative i.e.,
Xe(X) = 2e(X =2) + xe(2),
XX XY) = xe(X) xe(Y)
holds.

Proof. The additivity follows immediately from (19.1.1). The multiplicativity
follows from the Kiinneth formula

Hi(X xY,R)= P HI(X,R)®@H.(Y,R). 0
=i

Suppose we start with a complex quasiprojective algebraic variety X with a fixed
embedding into ]P{(\:’. If the defining equations (and inequalities) have integer coeffi-
cients, then we can reduce these modulo a prime p to get a quasiprojective variety
(or more accurately scheme) X, defined over the finite field IF,. In less prosaic terms,
we have a scheme over SpecZ, and X, is the fiber over p. (In practice, Z might be
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replaced by something bigger such as the ring of integers of a number field, but the
essential ideas are the same.) Then we can count points on X, and compare it to
Xc(X). To avoid certain pathologies, we should take p sufficiently large.

Lemma 19.1.5. If X is expressible as a disjoint union of affine spaces, then N, (X))
is a polynomial in p" for sufficiently large p. Substituting p = 1 yields y.(X).

Proof. If X =|JA™ is a disjoint union, then we get a similar decomposition for X,
with p > 0. Therefore N, (X,) = ¥ p"" and x.(X) = X 1" 0

The lemma applies to the above examples of course, as well as to the larger class
of toric varieties [41, p. 103], Grassmannians, and more generally flag varieties [42,
19.1.11]. Nevertheless, most varieties do not admit such decompositions (e.g., a
curve of positive genus does not). So this is of limited use.

It is worth pointing out that these days, the material of this section is usually
embedded into the framework of motivic integration. A succinct introduction to this
is given in [81].

Exercises

19.1.6. Let G = G(2,4) be the Grassmannian of two-dimensional subspaces of k*.
Calculate N, (G) over F), and x(G) over C and compare.

19.1.7. Generalize this to G(2,n).

19.2 The Weil Conjectures

We may ask whether something like Lemma 19.1.5 holds for arbitrary varieties.
We start by looking at an elliptic curve, which is the simplest example where the
lemma does not apply.

Example 19.2.1. Let X be the elliptic curve given by the affine equation y> =x> — 1.
This defines a smooth curve X, over IF, when p > 5. So let us analyze what happens
when p = 5. When nis odd, 5" — 1 is not divisible by 3. This implies that x — x> is an
automorphism of F%,. Therefore y*> 4 1 has a unique cube root. Thus N, (X5) = 1 +5"
if n is odd. When n is even, we can compute a few values by brute force on a
machine.

" Nu

52 36=1+4+524+2-5

54 576 =1+5*—2.52
50 15876 =1+5°42.53

58 389376=1+58—-2.54
510 9771876 =1+45942.5°
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So at least empirically, we have the formula

No(Xs) = 1+5" if n odd,
s 145" —2(=5)"2 if neven,

= 145" (V=5)"—(—V-35)".

Example 19.2.2. Calculating the number of points for the elliptic curve defined by

y? = x3 —x with p = 3, we get
p" Ny
3 4=143
32 16=1+3%242-3
33 28 =1+33
3 64=1+34-2.32
33 244 = 1435
Then

Nn(X3) =143"— (\/—3)" _ (_\/_3)11
fits this data.

From these and additional examples, we observe a pattern that on an elliptic
curve, N, = 1 4+ p" — A{' — A} for appropriate constants A; with order of magnitude
/P- We can generate more examples by taking products of these with the previous
ones. Based on this data, we may guess that in general N,(X),) is a linear combi-
nation of powers A, and setting A; = 1 yields the Euler characteristic. This turns
out to be correct, but it seems to come out of nowhere. We need some guiding
principle to explain these formulas. The basic insight goes back to Weil [119] (who
proved a number of cases). Suppose that X C IP’fé is a nonsingular projective variety
with equations defined over Z as above. Let us denote by X,, the variety over the
algebraic closure ¥, determined by reducing the equations modulo p. The Frobe-
nius morphism F), : X, — X,, is the map that raises the coordinates to the pth power
(see [60, p. 301] for a more precise description). Then X,,(IF ) are the points of
X, fixed by F. If this were a manifold with a self-map F (satisfying appropriate
transversallity conditions), then we could calculate this number using the Lefschetz
trace formula. Weil conjectured that this sort of argument could be carried out in the
present setting for some suitable cohomology theory. He made some additional con-
jectures that will be discussed a bit later. Grothendieck eventually constructed such
a Weil cohomology theory—in fact several. For each prime ¢ # p, he constructed
functors H! (—,Qy) called ¢-adic cohomology such that:

(1) H, (Xp,Qy) is a vector space over the field of /-adic numbers Qy = QiLnZ/E") ®
Q.

(2) dimH!,(X,,Qy) is the usual ith Betti number of X.

(3) F), acts on these spaces. The action on Hg (Xp,Qy) is trivial, but nontrivial in
general.
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(4) There is a Lefschetz trace formula that implies that

N,(X)) = 2(—1)itrace[FI§‘* :Hé,()_(p,(@g) — Hé,()?p,(@g)].
i
Grothendieck constructed this by generalizing sheaf cohomology. The details,

which are quite involved, can be found in the books by Freitag and Kiehl [39] or
Milne [85]. The last formula can be rewritten as

Nn(Xp) = Z(—l)iZA{;,

i

where A;; are the generalized eigenvalues of F; on H, (Xp,Qy). In the previous
examples, the numbers £+/—5, +£+/—3 above were precisely the eigenvalues of F),
acting on H'. Although this is overkill, we can also use this formalism to re-prove
the formulas of the last section. For example,

Qq with F,, acting by p'/? if i < 2'm is even, (19.2.1)
0 otherwise,

Hiy (P Q) = {
gives the formula for N, (PP""). Notice that the absolute values of the eigenvalues
in these examples have very specific sizes. This is consistent with a deep theorem
of Deligne proving the last of Weil’s conjectures on the analogue of the Riemann
hypothesis. (For more background and in particular what this has to do with the
Riemann hypothesis, see [39], [60, Appendix C], [69], [85] and of course [25].)

Theorem 19.2.3 (Deligne). Let X be a smooth and projective variety defined over
Fp, and X its extension to F,. Then the eigenvalues of the Frobenius action on
H! (X,Qy) are algebraic numbers A all of whose absolute values satisfy || = pi/2.

Remark 19.2.4. This is valid over any finite field. The word “eigenvalue” above
really means generalized eigenvalue, although in fact the action of F), has been con-
jectured to be diagonalizable. This is still wide open.

This abstract theorem has concrete consequences. The first goes from topology
to number theory, and the second goes in the opposite direction.

Corollary 19.2.5. Let X C PN*! be a smooth degree-d hypersurface defined over
Fp. Then

INa(X) = (14 p 44 pV)| <by-pV/?,

where by is the Nth Betti number of a smooth degree-d hypersurface in IP{..

Proof. We can assume that X comes from a hypersurface over C by reducing
modulo a prime. By the weak Lefschetz theorem, H(X,Q) = H'(PN*! Q) for
i € [0,2N] — {N}. So the Betti numbers of X and PN*! are the same in this range.
In fact, the action of F), would be compatible with this isomorphism. Therefore
eigenvalues would be the same in both spaces for i € [0,2N] — {N}. For P’*!, these
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are given in (19.2.1). Let Ay denote the eigenvalues on the Nth cohomology of X.
Then

by

NI (X) = (L4 p -4 pM) < [ X Ainl < bw-pV2. O
J=1

Corollary 19.2.6. If X is determined by reducing a complex smooth projective

variety mod p > 0 as above, the Betti numbers of the complex variety can be deter-
mined from N, (X).

In most cases, the Betti numbers are easier to calculate than N,,. A nontrivial
example in which the last corollary was usefully applied was given by Harder and
Narasimhan [57].

When X is singular or open, then the above theorem is no longer true. Deligne
[27] has shown that the eigenvalues can have varying sizes or weights independent
of cohomological degree. Surprisingly, this has Hodge-theoretic meaning. If one
counts the number of eigenvalues on H/,(X,,Q;) of a given absolute value Pk,
then this is the dimension of the weight-k quotient of the mixed Hodge structure on
H'(X) that we touched on in §12.6. See [26] for a more precise summary of these
results.

Exercises

19.2.7. Assuming Theorem 19.2.3, deduce the Hasse—Weil bound that if X is a
smooth projective genus-g curve over I, then |N,,(X ) — 1 — p"| < 2gp"/2. (Of course
this bound came first.)

19.3 A Transcendental Analogue of Weil’s Conjecture

After this excursion into arithmetic, let us return to Hodge theory and prove an ana-
logue of the Weil-Riemann hypothesis found by Serre [102]. To set up the analogy
let us replace X above by a smooth complex projective variety Y, and F, by an
endomorphism f: Y — Y. As for p, if we consider the effect of the Frobenius on ]P’%’p s

the pullback of &(1) under this map is &'(p). To complete the analogy, we require
the existence of a very ample line bundle &y (1) on Y, so that f* Oy (1) = Oy (1)®4.
We can take ¢1(0y (1)) to be the Kihler class @. Then we have f* o = qo.

Theorem 19.3.1 (Serre). If f : Y — Y is a holomomorphic endomorphism of a com-
pact Kdihler manifold with Kéihler class @ such that f*w = q for some q € R, then
q is an algebraic integer, f* : H'(Y,Q) — H'(Y,Q) is diagonalizable, and its eigen-
values are algebraic integers with absolute value g'/*.

Proof. The theorem holds for H*'(Y), since " generates it. Note that ¢" is the
degree of f, which is necessarily a (rational) integer. Therefore ¢ is an algebraic
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integer. By hypothesis, f* preserves the Lefschetz decomposition (Theorem 14.1.1).
Thus we can replace H(Y) by primitive cohomology P'(Y). Recall from Corol-

lary 14.1.4 that . B
Q(a,B) = Q(a,CB)

is a positive definite Hermitian form on P'(Y), where

(O( ﬁ) ( )ll 1)/2/06/\[3/\(1)"_".
Consider the endomorphism F = ¢g~/2f* of P/(Y). We have

O(F (). F(B)) = (-1 [ f'(@npra™) = 0(a.B).

Moreover, since f* is a morphism of Hodge structures, it preserves the Weil operator
C. Therefore F is unitary with respect to Q, so its eigenvalues have norm 1. This
gives the desired estimate on absolute values of the eigenvalues of f*. a

Since f* can be represented by an integer matrix, the set of its eigenvalues is a
Galois-invariant set of algebraic integers. So we get a stronger conclusion that all
Galois conjugates have absolute value qi/ 2. This would imply that when g = 1 (e.g.,
if f is an automorphism) then these are roots of unity.

Exercises

19.3.2. Verify the above theorem for Y a complex torus, and f : Y — Y multiplication
by a nonzero integer n, by direct calculation.

19.3.3. Show, by example, that if f *@ is not a multiple of w, then the eigenvalues
of f* on H'(Y) can have different absolute values.

19.4 Conjectures of Grothendieck and Hodge

Prior to Deligne’s proof, Grothendieck [54] had suggested a strategy for carrying
out a proof of the Weil-Riemann hypothesis similar to Serre’s proof of the transcen-
dental version. This required first establishing his standard conjectures [54, 71]. All
but one of these conjectures are open over C. The exception follows from the Hodge
index theorem. For general fields, they are essentially all wide open. Grothendieck
had also formulated his conjectures in order to construct his theory of motives, which
gives a deeper explanation for some of the analogies between the worlds of arith-
metic and complex geometry. So even though Deligne managed to prove the last of
Weil’s conjectures by another method, the problem of solving these conjectures is
fundamental.
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We want to spell out some of these conjectures in the complex case, and indicate
their relation to a better-known Hodge conjecture [65]. Let X be an n-dimensional
nonsingular complex projective variety. A codimension-p algebraic cycle is a finite
formal sum Y,n;Z;, where n; € Z and Z; C X are codimension-p closed subvarieties.
These form an abelian group Z?(X) of infinite rank. The first task is to cut it down
to a more manageable size. Given a nonsingular 1 : Z — X, we defined its funda-
mental class [Z] = 1,(1) € H*”(X,Z). The fundamental class can be defined even
when Z has singularities. This can be done in several ways (see [7]). A quick but
nonelementary method is to use Hironaka’s famous theorem [62] on resolution of
singularities. This implies that there exists a smooth projective variety Z with a bira-
tional map 7 : Z — Z. Let i : Z — X denote the composition of 7 and the inclusion.
Then set [Z] = iy(1) € H*’(X,Z).

Lemma 19.4.1. This class is independent of the choice of resolution of singularities.

Proof. Let Z' — Z be another resolution. Then by applying Hironaka’s theorem to
the fibered product, we see that there exists a third resolution Z” — Z fitting into a
commutative diagram

Y

T
v r v
7 ">z

Then i,(1) = ij(yy1) = (i o y)y(1). Therefore Z and Z” give the same class.
By symmetry, Z’ and Z” also give the same class. O

We thus get a homomorphism [] : Z7(X) — H?P(X,Z) by sending ¥ n;Z;
>.ni[Z;]. The space of algebraic cohomology classes is given by

HP (X, Z) = im[ZP(X) — H* (X, 7)),

HZ(X,Q) = im[2”(X) © Q — H*(X,Q)].

We define the space of codimension-p Hodge cycles on X to be

HP

hoage(X) = H? (X, Q)N HPP (X))

and let H2”

hodge (X - Z) denote the preimage of H77(X) in H?!(X,7).

Lemma 19.4.2. H*(X,7) C H>"

alg hodge (Xﬂ Z)

Proof. 1t is enough to prove that the fundamental class [Z] of a codimension-p sub-
variety is a Hodge class. Let Z — Z be a resolution of singularities, and let i : Z — X
be the natural map. By Corollary 12.2.10, the map

iy:HY(Z) =2 — H?*(X,Z)(—p)

is a morphism of Hodge structures. Therefore it takes 1 to a Hodge class.
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In more down-to-earth terms, this amounts to the fact that for any form o of type
(nh2n—2p—r)onX,
/ ifoo=0
Z

unless r =n— p. a
The Hodge conjecture asserts the converse.

Conjecture 19.4.3 (Hodge). Hfl’; (X,Q) and H?

hodge (X, @) coincide.

Note that in the original formulation, Z was used in place of Q, but Atiyah and
Hirzebruch have shown that this version is false [7]. It is also worth pointing out
that Voisin [114] has shown that the Hodge conjecture (in various formulations) can
fail for compact Kéhler manifolds. On the positive side, we should mention that for
p = 1, the conjecture is true — even over Z — by the Lefschetz (1,1) theorem,
Theorem 10.3.3. We prove that it holds for p = dimX — 1.

Proposition 19.4.4. If the Hodge conjecture holds for X in degree 2p (i.e., if

Hflg (X,Q) = Hﬁgdge(X,Q)) with p < n=dimX, then it holds in degree 2n — 2p.

Proof. Let L be the Lefschetz operator corresponding to a projective embedding
X C PV. Then for any subvariety Y, we have L[Y] = [Y N H], where H is a hyperplane
section chosen in general position. It follows that L"~27 takes H,ffg’ (X)to HZIZ_ZP (X).
Moreover, the map is injective by hard Lefschetz. Thus

(X) < dimH> 2P (X).

(X) = dimH>"(X) < dimH>"~2 hodze

. 2p
dimH, alg alg

hodge

On the other hand, 2”27 induces an isomorphism of Hodge structures H*”(X,Q)
(p—n) = H**2P(X,Q), and therefore an isomorphism Hsgdge(X) = HES;;”(X).
This forces equality of the above dimensions.

Corollary 19.4.5. The Hodge conjecture holds in degree 2n — 2. In particular, it
holds for three-dimensional varieties.

Given a cycle Y € Z"P(X), define the intersection number
zy:/mumez
X

This can be defined by purely algebrogeometric methods over any field [42].

Definition 19.4.6. A cycle Z € ZP(X) is said to be homologically equivalent to 0
if [Z] = 0. It is numerically equivalent to 0 if for any ¥ € Z" P(X) we have Z -
Y = 0. Two cycles are homologically (respectively numerically) equivalent if their
difference is homologically (respectively numerically) equivalent to 0.

Numerical equivalence is a purely algebrogeometric notion, independent of any
cohomology theory. (This is clearly an issue in positive characteristic where one
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has several equally good cohomology theories, such as the various ¢-adic theories.)
On the other hand, it is usually easier to prove things about homological equiva-
lence. For example, Hflg (X), which is Z?(X) modulo homological equivalence, is

finitely generated, since it is sits in the finitely generated group H?”(X,Z). There-
fore Z” (X ) modulo numerical equivalence is also finitely generated, because clearly
homological equivalence implies numerical equivalence. The converse is one of
Grothendieck’s standard conjectures.

Conjecture 19.4.7 (“Conjecture D). Numerical equivalence coincides with homo-
logical equivalence.

In order to explain the relationship to Hodge, we state another of Grothendieck’s
conjectures.

Conjecture 19.4.8 (“Conjecture A”). The Lefschetz operator induces an isomor-
phism on the spaces of algebraic cycles
L (X, Q) — HiF(X,Q)
There are several other conjectures, which we will not state. One of them, which
is a version of the Hodge index theorem, is true over C. The remaining conjectures
are known to follow if Conjecture A is true for all X [54, 71]. These conjectures

are weaker than Hodge’s and are known in many more cases. For example, they are
known for all abelian varieties, while Hodge is still open for this class.

Proposition 19.4.9. Ifthe Hodge conjecture holds for X, then Conjecture A will also
hold for it. If Conjecture A holds for X, then conjecture D holds for it.

Proof. By the hard Lefschetz theorem,
L' H"(X,Q) — H™(X,Q)

is an isomorphism of vector spaces. It follows that L' gives an isomorphism
H"{(X) =2 H""(X)(i) of Hodge structures. Therefore it induces an isomorphism
on the spaces of Hodge cycles

Hiogpe (X, Q) — Hio (X, Q).
This is an isomorphism of the spaces of algebraic cycles, since we are assuming the
Hodge conjecture.

By the Hodge index theorem, Theorem 14.1.4, we get a positive bilinear form Q
on H'(X) given by

0(c.p) = [ aUB'

where

ﬁ, _ ziLn—H—jﬁj
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with B = 3, L/; the decomposition into primitive parts in Theorem 14.1.1. Suppose
that Conjecture A holds for X. Then we have a Lefschetz decomposition on the
space of algebraic cycles
2 j —2j 2p—2j
Hih(X) = @@L/ (PP~(X)NHyh (X))

Therefore B’ € H;’;_zl’ (X) whenever 8 € Hi‘g’(X). Suppose that Z € ZP(X) is
numerically equivalent to 0. Then [Z] = 0, since otherwise we get a contradiction
z-[7]' = 0([2],[2]) > 0. 0

Further information about the Hodge conjecture, and related conjectures, can be
found in Lewis [80]. See André [3] for an introduction to motives, which have been
lurking behind the scenes. The historically minded reader will find a fascinating
glimpse into how these ideas evolved in the letters of Grothendieck and Serre [21].

Exercises

19.4.10. Prove that the Hodge conjecture holds for products of projective spaces.
(Hint: the Hodge conjecture is trivially true for a variety whose cohomology is
spanned by algebraic cycles.)

19.4.11. Let X be an n-dimensional smooth projective variety. Another of Grothen-
dieck’s standard conjectures asserts that the components in H(X,Q) ® H*"~(X,Q)
of the class of the diagonal [A] € H*(X x X,Q) under the Kiinneth decomposition
are algebraic. Show that this follows from the Hodge conjecture.

19.5 Problem of Computability

As we saw in this book, it is relatively straightforward to compute Hodge numbers.
For things like hypersurfaces, we obtained formulas. More generally, given explicit
equations for a subvariety X C P, we may use the following strategy for computing
Hodge numbers.

e View the sheaves Qf as coherent sheaves on P". Specifically:
Q) = /(s +ds QLY.

where .# is the ideal sheaf of X. These sheaves can be given an explicit presen-
tation by combining this formula with the presentation

n+1

Gpn(—p—2)612) = G (—p— 1)6H) - QP

coming from Corollary 17.1.3.
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e Resolve these as in Theorem 15.3.9.
e Calculate cohomology using the resolution.

This can be turned into an algorithm using standard Grobner basis techniques.
(We are using the term ‘“algorithm” somewhat loosely, but to really get one we
should assume that the coefficients are given to us in some computable subfield of
C such as Q or Q(v/2,7).)

If one wanted to verify (or disprove) the Hodge conjecture in an example, one
would run up against the following problem, which by contrast to the case of Hodge
numbers seems extremely difficult:

Problem 19.5.1. Find an algorithm to compute the dimensions of H;‘lg (X,Q) and

Hﬁ‘odge (X,Q) given the equations (or some other explicit representation).

The following special case of the problem would already be interesting and prob-
ably very hard.

Problem 19.5.2. Find an algorithm for computing the Picard number of a surface in
IP? or of a product of two curves.

We end with a few comments. Given a variety X, the Hodge structure on H*(X)
is determined by the period matrices

(o)

where ¥ is a basis of H(X,Z) and ; a basis of H*"7(X,Q§). When X is defined
over Q, we should in principle be able to compute the entries of these matrices to
any desired degree of accuracy, by combing symbolic methods with numerical ones.
But this does not (appear to) help. However, Kontsevich and Zagier [74] propose that
there may be an algorithm to determine whether such a number (which they call a
period) is rational. More generally, we can ask for an algorithm for deciding whether
any finite set of periods is linearly dependent over Q. Such an algorithm would be
instrumental in finding an algorithm for computing dimHﬁ‘Oﬂlge (X,Q).

Regarding H, (X), Tate [113] made a conjecture that can be loosely viewed as
an arithmetic version of the Hodge conjecture, although there is even less evidence
for it. Suppose that X is defined over Q and in fact for simplicity Z. We obtain
varieties X, defined by reducing X mod p. These are smooth for all but finitely
many p. Given an algebraic cycle Z € Z/(X) on X defined over Z (but this is not
essential), we get induced cycles Z, € Z'(X,). We can form a fundamental class
in [Z,] € H2(X,,Q¢) = H2(X,Qy), and it will be an eigenvector for the Frobe-
nius F), with eigenvalue exactly p' for p > 0. Tate conjectured conversely that the
dimension of the intersection of the p'th eigenspaces of F), as p varies, is precisely
Hfl’;g (X,Q). Even without assuming the conjecture, this should give some sort of
bound on Hfl’;g (X,Q). The challenge would be to make this effective.
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19.6 Hodge Theory without Analysis

As we have seen, Hodge theory has a number of important consequences for the
cohomology of a smooth complex projective variety X:

(1) Hodge decomposition
Y, hM(X) = bi(X).
p+q=i
(2) Hodge symmetry
W4(X) = hiP(X).

(3) Kodaira vanishing '
H'(X,Qy®L)=0

fori > 0, n = dimX, and L an ample line bundle on X.

Thanks to GAGA, we can replace (the dimensions of) the above analytic
cohomology groups by their algebraic counterparts. To be precise, for b;(X) we can
use the dimension of either the hypercohomology dimH'(X, Q) or some suitable
Weil cohomology such as ¢-adic theory. A rather natural question, which occurs for
example in [53], is whether these consequences can be established directly with-
out analysis. In particular, can these be extended to arbitrary fields? First, the bad
news: the answer to the second question is in general no. Counterexamples have
been constructed in positive characteristic by Mumford [90], Raynaud [96], and
others. In spite of this, the first question has a positive answer. Faltings [36] gave
the first entirely algebraic proof of (1). This was soon followed by an easier alge-
braic proof of (1) and (3) by Deligne and Illusie [29], which made surprising use of
characteristic-p techniques. An explanation of their proof can be found in Esnault
and Viehweg’s book [35].

The only thing left is see how to prove (2) without harmonic forms. In outline,
first apply the decomposition (1) and hard Lefschetz (which also has an algebraic
proof [27]) to get

h9(X)=H"1"P(X).

Now combine this with Serre duality [60, Chapter III, Corollary 7.13],
H'EP(X) = hiP(X).

At this point, we should remind ourselves that Hodge theory gives much more
than the items (1), (2), and (3). For instance, we have seen how to associate a
canonical Hodge structure to every smooth projective variety over C. As far as the
author knows, there is no purely algebraic substitute for this. Nevertheless, we can
devise the following test to see how close we can get. Suppose that X is a smooth
complex projective variety defined by equations ¥ aj,..i, X - -xin = 0 with coeffi-
cients in Q C C (or some other algebraically closed subfield). Given ¢ € Gal(Q/Q),
we get a new complex variety X, defined by ¥ o (a,...i, )xg - -~ xin = 0.
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Problem 19.6.1. Now suppose that Y is another smooth projective variety defined
over Q such that H'(X,Q) = Hi(Y,Q) as Hodge structures. Show that H' (X, Q) =2
H'(Y5,Q) as Hodge structures for every o € Gal(Q/Q).

If we assumed the Hodge conjecture, we would get a solution as follows. The
isomorphism H'(X) = H'(Y) would give a class in Hyjoqee(X X Y), which would be
an algebraic cycle o, necessarily defined over a field Q(r1, . .. ,#v). After specializing
the 7;, we can assume that o is defined over Q. Then 6* (o) would induce the desired
isomorphism H' (X5, Q) = H' (Y5, Q). To make this work, we really need only the
following weak form of the Hodge conjecture due to Deligne [31]:

Conjecture 19.6.2 (“Hodge cycles are absolute”). If o € H?? (X,Qy) is a rational
(p, p) class, then c* ¢t is a rational (p, p) class on X;.

This conjecture is known in many more cases than the Hodge conjecture.
Although it looks rather technical, it does have some down-to-earth applications
to showing that certain natural constants are algebraic numbers.
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