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Abstract

Cobordism theories have been studied for a long time in various forms and guises. Many of these
theories were shown to have a very nice structure and became important tools in the study of
differentiable manifolds. When Quillen [45] gave an axiomatic description for the theory of complex
cobordism, it became possible to define an equivalent tool for the language of schemes. Levine and
Moore [35] translated Quillen’s axioms into algebraic geometry and defined algebraic cobordism.
This theory has strong relations with the Chow group and K-theory, just like cobordism theories
in algebraic topology relate to homology and K-theory of vector bundles. Algebraic cobordism
was given a geometric interpretation by Levine and Pandharipande in [36]. In [34] Lee and
Pandharipande were able to extend this to a theory of schemes with bundles, similar to the theory
Atiyah and Singer used in their proof of the Atiyah-Singer index theorem [3]. Using this theory
Tzeng [61] was able to prove conjectures of Vainsencher [62] and Gottsche [20] about nodal curves
on surfaces. This generalises the result of Fomin and Mikhalkin [15] that the number of nodal
curves through a specific number of points on the projective plane is a polynomial in the degree
of the curve, to an arbitrary surface.
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Introduction

In the first chapter we will look at classical bordism and cobordism theories in algebraic topology:
their geometrical definition, their structure as generalised homology or cohomology theories and
their axiomatic definition as given by Quillen.

The geometrical definition gives an immediate equivalence relation on manifolds of a fixed
dimension: two manifolds are called bordant if they together form the boundary of another man-
ifold, called a cobordism. Adding structure on a cobordism which restricts to a structure on the
boundary gives many other examples of bordism theories. One could for example demand ori-
entability of the tangent bundle or any other G-structure on this bundle. This gives rise to the
notion of oriented bordism and complex bordism. Classes in both these theories are shown to
be uniquely determined by certain characteristic classes in singular homology. Furthermore, such
theories are shown to be given by homotopy classes of a spectrum and hence they are all examples
of generalised homology theories. The spectrum associated to these homology theories, called the
Thom-spectrum, also gives us generalised cohomology theories such as oriented cobordism and
complex cobordism. The geometric interpretation is however quite lost. Quillen showed in [45]
that it is possible to define complex cobordism over a manifold X as an equivalence relation on
specific maps Y — X. Apart from this geometric interpretation, Quillen gave axioms with make
complex cobordism into the universal such theory with pushforwards, pullbacks, Chern classes
and an exterior product.

In Chapter 2 we will look at theories on schemes with are not unlike cobordism theories. First
we will examine the Chow group CH,(X). This group is a quotient of the free abelian group
on closed subschemes of X. The relations are given by a condition similar to cobordism in the
first chapter. This graded group has an interesting structure, most notably it admits a theory
of characteristic classes for vector bundles. If X is smooth of dimension n, we will see that
CH"(X) = CH,—.(X) even has the structure of a graded ring.

Secondly, we will look at the K-theory of locally free sheaves and quasi-coherent sheaves on
schemes. These are quotients of the free abelian groups on the set of isomorphism classes of these
types of sheaves and although the definition does not resemble any of the equivalence relations we
have seen so far, most of the structure and theorems on the Chow group apply to these groups.

In the third chapter, we will follow Levine and Morel [35] in their construction of a theory
of schemes whose axioms are a direct analogue of the axioms of complex cobordism as given by
Quillen [45]. They define an oriented Borel-Moore homology theory as a theory which satisfies
these conditions and show that the Chow group and a slightly altered version of K-theory are ex-
amples of such theories. Then a construction of algebraic cobordism (2, is given and it will appear
to be the universal oriented Borel-Moore homology theory, in the sense that for any such theory
A, there is a unique morphism 2, — A, which respects the structure of pullbacks, pushforwards,
products and Chern classes. Also algebraic cobordism of the point Speck is examined. It will be
identified as the Lazard ring, the ring classifying all commutative formal group laws of rank one.
Using this identification we give a basis, which will show that each class is uniquely determined
by its Chern numbers of the tangent sheaf.

Chapter 4 gives an alternate definition of algebraic cobordism: Levine and Pandharipande [36]

X



X INTRODUCTION

gave a geometrical condition for two schemes of the same dimension to be equivalent in algebraic
cobordism, called the double point relation. They went on to show that these relations are not
only satisfied in algebraic cobordism, but also suffice to define it.

Additional structure on schemes may descend to a structure on the spaces occurring in the
double point relation. The main example is given by schemes with a vector bundle of a fixed
rank. The classes in the theory wy, ., of schemes of dimension n and vector bundles of rank r, thus
obtained can be shown to be uniquely determined by the combined Chern numbers of the tangent
bundle and the given vector bundle.

In the last chapter, we will address a proof of Tzeng [61] for a conjecture of Vainsencher [62].
The projective space of all global sections of a line bundle on a surface has a subset parametrizing
nodal curves with § nodes. The Zariski closure of this set is called the Severi variety in the case
of P2 and it was Fomin and Mikhalkin [15] who were able to prove that the degree of the Severi
variety for curves of degree d with é nodes was a polynomial in d of degree 24, for large enough d.
A similar result for a general surface S was conjectured by Vainsencher [62]. He conjectured that
the degree of the points parametrizing nodal curves with § nodes in a line bundle £ with enough
global sections should be a polynomial in degree ¢ in the Chern numbers of the tangent sheaf of
S and the line bundle L.

Tzeng used Hilbert schemes of points as suggested by Gottsche. She used a result from Li and
Wu [37] showing that the Hilbert schemes of points behave well on the spaces in the double point
relation. Then she used algebraic cobordism of surfaces with line bundles to show the existence
of these polynomials, as conjectured by Gottsche.

Notation

We will assume the reader is familiar with the basics of differentiable manifolds, algebraic topol-
ogy and scheme theory. All our manifolds are assumed to be smooth, compact and hence are
embeddable in some RY by Whitney’s theorem [64, Theorem 5]. Manifolds are allowed to have a
boundary and those that do not will be called closed. For an oriented manifold M we will write
M for M in the opposite orientation. We will write pt for a one-pointed topological space.

The categories of graded groups and graded rings with their respective homomorphisms will
be denoted by Ab, and R, respectively.

We will use k to denote a field, which will be algebraically closed throughout. This is needed
for several reasons, but most importantly for the construction of algebraic cobordism in Chapter 3.
In Chapter 5 we will restrict ourselves to & = C, so that we can use analytic arguments. Each
scheme will be a separated scheme finite type over k. The categories of all schemes will be denoted
by Schy. A scheme will be called a variety if it is an irreducible and reduced scheme. A subscheme
is a subvariety if it is a variety by itself. A product of schemes is always the fibred product over
Speck.

We will write Coh(X) for the category of coherent sheaves on a scheme X. A divisor on a
scheme or variety will always mean a Cartier divisor.

An l.c.i. morphism is a morphism that factors as a regular embedding and a smooth morphism.
Here smooth is defined as in [26, 111.10] together with the assumption of quasi-projectivity. This
is first needed in the definition of oriented Borel-Moore homology theories in Chapter 3. So the
quasi-projectivity condition could be dropped on smooth morphisms in Chapter 2.

We will write Smy, for the full subcategory of Schy whose objects are smooth quasi-projective
schemes over k.



Chapter 1

Complex cobordism

In this chapter we will look at the origin of bordism and cobordism theories. The geometric notion
of cobordisms gives us unoriented bordism 91, which is a graded ring. This ring turns out to be
a polynomial ring in infinitely many generators. This theory is expanded to assign a graded ring
to each compact manifold M which is an 9l,-module. If we consider the case where M is a point
we get back 91.. We can use these geometric ideas to construct variations of this theory, such as
oriented bordism and complex bordism. We will see that these theories are examples of generalised
homology theories as they are represented by the Thom-spectrum. This spectrum also gives us
cohomology theories, which are named oriented cobordism and complex cobordism. Then we will
give the axioms for a complex oriented cohomology theory and use a geometric interpretation of
complex cobordism to prove that this is in fact the universal complex oriented cohomology theory.

The material in this chapter can be found in the book [58] by Stong or the articles [45] and
[46] by Quillen.

1.1 Unoriented bordism

The notion of diffeomorphism of differentiable manifolds is for most applications too general and
the problem of determining whether two manifolds are non-diffeomorphic is in general easier an-
swered by examining the class of the spaces in question under a more restrictive equivalence
relation. In all such applications one will want equivalence classes which are not too large, other-
wise too much information is lost, but otherwise not too small, because then too little information
is gained. One equivalence relation on all manifolds, that stood the test of time, is the notion of
bordism.

Definition 1.1. Consider two closed, i.e. without boundary, compact n-dimensional manifolds M
and N. We say they are bordant if there exists an (n + 1)-dimensional manifold W, such that the
boundary OW of W is diffeomorphic to M [[ N. The manifold W is called a cobordism between
M and N.

The set of bordism classes of dimension n is denoted by 91, and the class of a manifold M is
denoted by [M].

Bordism is indeed an equivalence relation: symmetry is obvious, reflexivity follows from the
cylinder M x I, and transitivity follows from the technical collar lemma. This lemma says that any
component M of the boundary of a manifold W has a neighbourhood diffeomorphic to M x [0, €),
called the collar of M. So if two manifolds have a diffeomorphic component on the boundary, then
we can glue these manifold along this boundary component to get a new smooth manifold. For
more details see [28, Chapter 7].

Each such set 91, is an abelian group with addition given by

[M] + [N] := [M ] N]

1



2 CHAPTER 1. COMPLEX COBORDISM

and the empty manifold of dimension n as unit. This is well-defined as [M [[N] = [M'[[ N] if
M and M’ are bordant, using the disjoint union of the cobordism between M and M’ with the
cylinder over N.

If we have two closed manifolds M and N of dimension m and n respectively, then we get

an m + n-dimensional manifold M x N. Note that this product respects the relation of bordism.
Indeed, if M and M’ are bordant by a cobordism W, then the boundary of W x N equals

OW x N)=0W x N[[W xON =oW x N = (M][[M') x N = (M x N)[[(M' x N).

So we arrive at the following definition.

Definition 1.2. Let 91, be the graded group

S
n=0

Using the product given above, we get a commutative associative graded ring. This is called the
unoriented bordism Ting.

It is easy to see that for all a € M, the class 2 does in fact equal zero. This is because for
each manifold M, the class 2[M] is represented by M [[ M which is a boundary for M x I. This
gives M, the natural structure of a Zy-algebra, each graded part is in particular a direct sum of a
number of copies of Zs. This number is explicitly known.

Theorem 1.3. [60, Théoréme IV.12] The graded Zs-algebra N, is a polynomial algebra generated
by a unique x; of degree i for all i not of the form 2t — 1. So

m* == ZQ[ZEQa Ty, T5,T6, T8y LY, - - }

This theorem agrees in degree 0 with the observation that one point cannot bound a 1-
dimensional manifold. It also shows that the only closed manifold of dimension 1, namely S*,
is a boundary of a compact closed manifold of dimension 2, for example the closed disc.

In dimension 2 this theorem shows that there exists a surface which does not bound a 3-
dimensional manifold. One such example is given by the real projective plane RP?. So each
closed compact surface is either bordant to RP? or it is the boundary of a compact 3-dimensional
manifold.

We also get the following interesting result in the degree 3: 913 = 0, which proves that every
closed 3-dimensional manifold is the boundary of a 4-dimensional manifold.

To determine to which bordism class a manifold belongs, the Stiefel-Whitney numbers of the
tangent bundle of M are of particular interest. In this case we will simply speak of the Stiefel-
Whitney numbers of M. These numbers relate a manifold to its bordism class by the following
theorem by Pontrjagin.

Theorem 1.4. [44] If W is an (n + 1)-dimensional manifold with boundary M, then all the
Stiefel- Whitney numbers of M are zero.

This allows one to show that two manifolds are not bordant, by producing a Stiefel-Whitney
number which differs for these spaces. We do also have the converse statement, due to Thom [60,
Théoreme IV.3].

Theorem 1.5. Two smooth closed manifolds of the same dimension are bordant if and only if
their Stiefel-Whitney numbers are the same.

One can for example show that all Stiefel-Whitney numbers of RP#~1 are zero, and so each
real projective space of odd dimension must be the boundary of a smooth manifold.

It is relatively easy to turn the graded algebra 91, into a relative theory.



1.2. B-BORDISM 3

Definition 1.6. Let X be a smooth closed manifold. Two maps M — X and N — X for M
and IV smooth closed manifolds of dimension n are said to be bordant over X, if there exists a
cobordism over X such that the boundary maps restrict to M [[N — X. That is, there is an
(n + 1)-dimensional manifold W — X over X, such that the boundary of W equals M [[ N and
the map W — X restricts to the structure map of M and N on the boundary.

Let 91,,(X) denote the free group generated by classes of n-dimensional manifolds over X, modulo
bordism over X. A group structure can be defined as before, making

into a graded group, called the unoriented bordism ring over X.

As each element in this group has order 2 we have a natural structure of a Zs-module and
hence a vector space over the field of two elements. We can find a basis for a specific manifold
once the homology is known.

Theorem 1.7. [8, Theorem 1.6] Let X be of the homotopy type of a CW-complex. Then we have
the following isomorphism of Zo-modules

N, (X) = Ho(X, Zo) @2, N,..

Note that we are back at the unoriented bordism ring if we take X to be a point.

Now by adding structure to a cobordism, such that this additional structure restricts to the
boundary gives in general a new bordism group. For example we could consider oriented cobor-
disms, then we would say that two smooth closed oriented manifolds M and N of dimension n are
bordant if M [N is the boundary of some (n + 1)-dimensional oriented manifold. We could even
do all this over a fixed manifold X, giving us the graded group Q5" (X) called oriented bordism.

1.2 B-bordism

We can generalise the examples in the previous section. To that end we will assume that each n-
dimensional manifold M is embedded in R™*". Whitney [64, Theorem 5] proved that it is possible
to take r = n, but for our purposes it will be convenient to let the dimension of the Euclidean
space be arbitrary. Such an inclusion gives a normal bundle of rank  on M. Of course this normal
bundle depends on the embedding of M in a Euclidean space. For example, we could simply look
at the embedding

M N R7l+7‘ — R7l+7‘+t

by adding ¢ dimensions. Trivially, our new normal bundle is the direct sum of the old one and the
trivial bundle on M of rank ¢. This is a typical example of the following theorem.

Theorem 1.8. [43, Remark 9.13] Let M be embedded in R and R"5. Then for large enough
t we have that the normal bundles of the embeddings

M — R o RYHETD gpd M o R RAPeTCH)

are isomorphic as bundles over M.

Put differently, for two normal bundles 7; and 7, for different embeddings there exist trivial
bundles 7 and 75 such that the bundles 7, & 71 and 72 @ 7 are isomorphic. One says that the
normal bundles are stably isomorphic, which is in fact an equivalence relation on bundles on M.

Now note that in the case of oriented bordism one gets a map M — BSO(n + r), independent
of the embedding in R™*" for large enough r. These maps are easily seen to be compatible and
we get a map M — BSO = lim_, BSO(r) which also does not depend on the embedding.
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We can repeat this construction for any family of fibrations 7, : B, — BO(r) for large enough
r with maps b, : B, — B,41, such that the following square commutes

b
B, —————— B,

Tr Tr+4+1

BO(r) —— BO(r +1)

We will need compatible maps M — B, for sufficiently large r. Such information is encoded by a
single map M — B, where we use the limit B = lim_, B,.. By naturality of direct limits, we get a
map B — BO = lim_, BO(r) and we can show this is a fibration as well. So any lifting u in

M ——— BO

belongs to the same homotopy class. Such a class is called a B-structure on M.

Note that if we have a B-structure on a manifold M, then we get a natural B-structure on
a closed submanifold N by restricting the map to IN. This allows us to define an inverse of a
B-structure. So let p : M — B be a manifold with a B-structure. Define ig : M — M x I by
taking the second coordinate equal to 0. As a manifold with boundary, we have an embedding
M x I — R"™" x R, such that the intersection of M x I with R**" x {0} equals (M x I) =
My ][ M1, where we use the subscripts to distinguish the two copies of M. This gives us the
following commutative square, where we get a diagonal since B — BO is a fibration

M—" B
/Z

-
-

pMxr o~

i - T
.
.
.
.
.
.

M xI ——— BO

This gives a B-structure on M x I. The two copies of M on the boundary now get their own
B-structure, as they are closed submanifolds of M x I. The B-structure py on My is obviously
the same as p on M. However, 1 on M; can be a different B-structure. We call this the inverse
B-structure and we denote it by —u. It is clear that taking the inverse of —u gives back p.

Now we say that two n-dimensional closed B-manifolds (M, u) and (N, v) are B-bordant if there
is an (n + 1)-dimensional B-manifold W, such that the boundary is isomorphic as a B-manifold
to (MIIN,p]]—v).

Using the notions of B-manifolds, i.e. manifolds with a B-structure, and B-cobordisms we can
construct a bordism theory analogous to what we did before.

Definition 1.9. Let B be the limit of a family of fibrations B, — BO(r). Then we define B-
bordism QB as the set of pairs [M, u] of B-bordism classes graded by the dimension of M. It is
fact a graded group with addition given by taking the disjoint union of two B-manifolds. The
inverse is given by

—[M, p] = [M, —p].

For any manifold X we can consider triples (M, u, f), where (M, u) is a B-manifold and f
is a map M — X. Such a triple is called an X-structure where we assume the fibrations to
be understood. An inverse of an X-structure is constructed by taking the inverse B-structure.
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A cobordism between two X-structures (M, p, f) and (N,v,g) is a B-manifold W — X with
boundary M [] N, such that the X-structure on W restricts to the X-structure on M and to the
inverse X-structure on N. The X-structures on N and M are said to be X-bordant.

Definition 1.10. We will write QZ(X) for the set of X-bordant classes of X-structures. This is
once again a graded group, called B-bordism over X.

A quite common case of such a family of fibrations occurs if we have topological subgroups
G, — O,., such that G, embeds naturally in G,y 1. Then we can simply take B, = BG,. with limit
BG. In this case we will write Q%(X) for QB¢ (X).

One can check that if we take B, = BSO(r) we do arrive at oriented bordism briefly described
in the previous section. Also, if one would take B, = BO(r) then it is easily seen that the above
discussion is empty, and we simply have the unoriented bordism theory. We will later look at the
interesting case of the fibrations given by the inclusion U,, — Oa,,.

1.3 The Thom-spectrum and B-cobordism

We saw that unoriented bordism is simply a base extension of homology. This proves that unori-
ented bordism is a generalised homology theory, in the sense that the Eilenberg-MacLane axioms
are still satisfied except for the dimension axiom. This is even more generally the case.

Theorem 1.11. FEvery B-bordism theory is a generalised homology theory.

The proof is by explicitly showing that QF is represented by a spectrum, see Appendix B.4.
For that purpose we will need the following construction.

Definition 1.12. Let M be a compact manifold with a bundle £ of rank . Any embedding of
the total space T'(§) gives £ an inner product, so we can take D°(£) to be the vectors in the fibres
of £ which have length strictly less than 1. This is a fibre space on M with fibre the open unit
disc. The one-point compactification of the total space is called the Thom-space of £ and denoted
by M(§).

One can view this as the closed disc bundle D(¢), i.e. we include the unit vectors in each fibre,
where we identify all vectors of unit length.

Note that the map B, — BO(r) gives a rank r bundle on B,, which we will denote by ;.
The normal bundle of M in R™*" is the pullback of 3, along the maps M — B, belonging to the
B-structure of M. The corresponding Thom-space of 3, will be denoted by M B,..

One can check that the construction of the Thom-space is natural in the sense that M(n x
&) = M(n) A M(§) and that bundle maps become maps of the respective Thom-spaces, see for
example [59, Definition 12.27 & Proposition 12.28].

As for any embedding M — R™" we can embed the total space of the normal bundle 7
in R"" such that the zero-section M — FE(n) composed with E(n) — R"*" equals the given
embedding of M. This embedding of the total space looks like a thickened version of M. [28,
Section 4.5].

So in particular we get an open subset F(n) C R"*". After taking the one-point compactifica-
tion we get a reversed map

ST M(n).

If we compose this map with the natural M (n) — M B,., we see that a B-manifold M determines a
homotopy class in m,1,.(MB,). We can extend this to manifolds with an X-structure f : M — X,
by considering the following Cartesian square

T(n) (T'(n),fop) T(8,) x X

)
p h
(> f) %

M ——— B, xX
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Since we can view T'(f3,) X X as the total space of the direct sum of the bundles 5, over B, and
the trivial bundle R over X, we get a bundle map from 7 to 8, x R® on B, x X, and hence by
naturality of the Thom-spaces a map

M(n) = M(B. x R = M(B,) N M(R®) = MB, N X.

Here we used that the one-point compactification of an already compact space is constructed by
adding a disjoint point. We will still use the notation X for such spaces.
So now we get a map S™*" — M(n) — M B, A X and hence a class in

7Tn+k(MBT A\ X+)

Obviously this class depends on the chosen embedding. So let us examine how this class relates
to the class of the normal bundle n & R given by the embedding M — R"**" — R"*" x R. We
will see that it is simply the suspension of the map S™*" — M B, A X, composed with a natural
map. This natural map will be the corresponding map

9:M(Br OR) = M(Bry1) = MBy1.
of Thom-spaces of the bundle map in the square

TBr ®R) ———— T(Br41)

B, ——— — B,

classifying the bundle 8, ®R on B, of rank r+ 1. We can simplify the first Thom-space M (3, ®R)
even further by noting that the bundle 5, ® R is the same as the product of the bundle £, on B,
and the trivial bundle R of rank 1 over a point pt. So this gives

M(B, ®R) = M(8, xR,) = M(8,) A M(R,) = MB, A S' = XMB,

and we get a map
9 :XMB, - MB,4;.

These maps give the family of spaces M B, a very important structure.

Theorem 1.13. The Thom-space of a bundle over a CW-complez is also a CW-complex.

We can choose representatives for B, which are CW-complezes, such that B, is a subcomplex of
Byi1. This gives ¥ : XM, — M,11 also the structure of a CW-subcomplex.

Hence, the maps ¥ turn M B,. into a spectrum M B, called the Thom-spectrum.

Using these spectrum maps, we get the following commutative diagram

NS s NM(n) ——— SMB, A X,

IR
IR

YAId

Sntrtl s M(n@R) —— MB,jq A Xy

which gives a natural map

7T'n,+7‘(MBT A X+) — 7TTL+T+1(MBT+1 A\ X+)
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Using these maps we can take the direct limit and get an element in
lim ’/Tn_;,_T(MBr A X+)
r—00

This is exactly the homotopy of the spectrum M B A X
To(MBA X, ) :=[E"S°, MB A X4]

so this object has a natural group structure. One can check that this construction is well-defined
on B-bordant classes, respects the group structures of the bordism and the homotopy groups and
is even invertible.

Theorem 1.14. The construction above gives an isomorphism of graded groups
QB (X)=2n.(MBAXY).

By Theorem B.14 we immediately get a proof for Theorem 1.11.
Of course, for each generalised homology theory, there is also a generalised cohomology theory
corresponding to the same spectrum.

Definition 1.15. Let B, be a compatible family of fibrations as before. We define B-cobordism
Q7% as the generalised cohomology theory coming from the Thom-spectrum, i.e. for a CW-complex
X we have

Qp(X)=[2"*S°A X, MB].

The coefficient groups of these homology and cohomology theories are
QF =[2*S° MB] and QF=[2"*S°, MB].

They satisfy the following obvious relation QZ = Qg" for all n.

If the B, have some geometrical interpretation, then for any B-bordism class we have a manifold
with such geometrical structure on its stable normal bundle. The geometry of B-cobordism theories
is however lost. We will see that cobordism classes in the case of B = BU do however have a
geometric interpretation.

1.4 Complex cobordism

We will now specialize to the case B = BU. This limit comes from the family of inclusions

Un _ Un — Un+1

Oz, — Ogpy1 — Oapya

which give fibrations BU(n) — BO(2n). By the limiting process, we do not lose information by
leaving out the odd terms.

The corresponding homology and cohomology theories are called complex bordism and complex
cobordism. One can show that complex bordism can be seen as classes of smooth closed manifolds
with an almost complex structure on the stable normal bundle. The classes of course come from
the boundary of cobordisms with an almost complex structure on its stable normal bundle. Like
with unoriented bordism, the class of a manifold can be uniquely determined by computing the
relevant characteristic classes.
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Theorem 1.16. The class of a smooth closed manifold M of dimension n with an almost complex
stable normal bundle in QU is uniquely determined by its Chern numbers

Cl(T)dICQ(T)d2 . cn(T)d" [M]

for all tuples (dy,ds,...,dy,) such that > id; = n.

To view complex cobordism as classes of maps as done by Quillen in [46], we will need the
following notion.

Definition 1.17. Let f: Y — X be a map of manifolds.
Suppose that Y is connected, then dim f(y) — dimy is constant for all y € Y. If it is even we can
define a complex orientation on a map f as follows: a complex orientation on f is a factorization
of f as

Yy —— 7€) 2= X,

where ¢ is a complex bundle over X with projection p of its total space to X and i is an embedding
of Y in this total space, together with a complex structure on the normal bundle i of Y in T'(€).

We say two complex orientations Y —% T(£;) — X and Y 2 T(&) — X are equivalent
if there exists a complex bundle £ on X, such that & and & are subbundles of &, such that
the composite embeddings Y — T(&;) — T(€) come from a map i : Y x I — T(€), such that
ig 1Y — T(&),y — i(y,t) is an embedding for all ¢, which coincides with iy and iy for respectively
t=0andt=1.

If the relative dimension is odd, then we define a complex orientation on f as a complex
orientation of the map
Y X —-XxR

where we embedded X in X x R by putting the second coordinate equal to zero.

A complex orientation on f : Y — X for general Y is given by a complex orientation on
each component of Y. Equivalence of complex orientation in the last cases follows from defined
equivalence for maps of pure even dimension.

There are several ways to construct a map with a complex orientation from other such maps.
Of course, for two maps Y7 — X and Y5 — X with a given complex orientation we can define a
natural complex orientation on Y7 [[Y> — X. Another general construction exists when a map
g: X' — X is transversal to a map f : Y — X with a given complex orientation. In this case,
there is a canonical complex orientation on the base extension of f by g. That is, we construct a
complex orientation on X’ x x Y — X’ simply by picking a representative Y — T'(£) — X, in the
case of pure even dimension, and consider the composition of Cartesian squares

X' xxY —Y

X —9 X

It is easily checked that the normal bundle of X’ x x Y in T'(¢’) inherits a complex structure from
the normal bundle of Y in T'(£), which is well-defined on classes of complex orientations. The case
of pure odd dimension is handled similarly.
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Now consider an oriented cobordism f : W — X with boundary M [[ N. By a standard result
of differential topology [28, page 156] there exists a map W — R, such that the image equals T
and the inverse images of 0 and 1 are respectively M and N. This gives a map f W = X x1I
such that the inclusion X — X x I at any constant ¢ € I is obviously transversal to f . This allows
one to pull back the complex-orientation on f to complex orientations on M — X and N — Y.
In this case we say that these maps are cobordant.

Theorem 1.18. [/6, Proposition 1.2] Let X be a manifold. Complex cobordism Q% (X) over X
is isomorphic to cobordism classes of complex-oriented maps of pure dimension —d.

Quillen needs the assumption that these maps are proper, but since we are dealing with compact
Hausdorff spaces, any map is proper.

In this new formulation, one can give complex cobordism a new interpretation of pushforwards,
pullbacks and even a ring structure.

Definition 1.19 ([46, Section 1]). We can define the following structure on Q7 (X) in terms of
cobordism classes of complex-oriented maps. To that end let f : M — X and f' : M’ — X’ be
maps of compact closed manifolds with a given complex orientation.

(i) Let ¢ : Y — X be any map. There exists a map g’ homotopic to g which is transversal to
f- So we get a well-defined pullback of g by

g QX)) = QpY), [M—=>X]—[MxxY =Y
using the pushout square of ¢’ and f.

(ii) If h : X — Y is a complex-oriented map of pure dimension d, then we get a well-defined
pushforward
he : Q5 (X) = QUY), [M—X]—[M—X Y]

(iii) We can add two cobordism classes [M — X] and [N — X] by taking the disjoint union
of M and N, and endowing it with the natural complex orientation. This sum has an
inverse by representing the complex-orientation of a map [M — X] by a factorization M —
T() — C°* x X — X where we use that X is compact to embed ¢ in a trivial complex
bundle over X, see for example Swan’s theorem in [51, Theorem 1.6.5]. Now we define the
inverse as the same factorization M — C° x X — X with the same complex structure on
the normal bundle of M in C® x X, but with the complex structure on C* x X given by
J(z1, 22, oy Zn—1, 2n) = (121,422, ..., i2n—1, —i2p).

(iv) Also two classes [M — X] € Q%(X) and [M' — X'] € Q%(X’) give a natural class
M= X|x[M - X=[MxM = X xX']eQbeXx xX).
U
This is called the exterior product.

(v) Pulling back via the diagonal A : X — X x X and precomposing with the exterior product,
gives a map

O (X) ® Q5 (X) 25 QFFe(X x X) 2 abte(x)
which, together with the natural map

QF (pt) ® QO (X) 5 Qi (pt xX) = QF(X),

turns Q75 (X) into a graded Qj-algebra.
The identity for this algebra is given by the class of the identity map on X, which we will
denote, by abuse of notation, by Idx as well.

Quillen [46] noticed that the following properties are also satisfied by these data on complex
cobordism.
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Theorem 1.20. Complex cobordism (X)) satisfies the following properties.
(i) Consider a map g:Y — Z, then g* depends only on the homotopy class of g.

(i) Let f : X — Z be complex oriented, then for any g : Y — Z transverse to f we get a
Cartesian square

XxyV -2 4 x
I !

y —4— 7
If we give f' the complex orientation coming from f we have

g ofi=flog".

(iii) If two composable morphisms h : X — Y and g : Y — Z have complex orientations, the
given complex orientation on g o h gives the following identity of maps

g.oh. = (goh)..

Note that the first statement does in fact say that pullbacks are well-defined. It also shows
that two homotopy equivalent spaces give isomorphic complex cobordism rings. In particular, we
get that complex cobordism of the total space of any vector bundle equals complex cobordism of
the base space.

1.5 Euler-classes and the formal group law

Let € be a real vector bundle of rank r on a manifold X. A general section of ¢ which is not
identically zero determines a submanifold Z of X of codimension r, in particular it determines a
class [Z — X] in complex cobordism. Using the structure of complex cobordism we can describe
this class in the case of a complex structure.

Definition 1.21. Let X be a manifold with a complex vector bundle £ of rank r. Let s : X — T'(&)
denote the zero-section of £&. Then s has a natural complex orientation and we define the Fuler-
class of & by

e(§) = s*s.(Idx) € Q¥ (X).

Note that if we follow through our definitions we see that this class is the zero-locus of any
map X — T'(¢) which is transverse to the zero-section inclusion X — T'(£). If we can take this
map to be a section, then we get indeed the class of the zero-locus of a general section of €.

These classes are very useful to express complex cobordism of any complex projective space,
or even complex projective bundles.

Theorem 1.22. [9/(Conner and Floyd) Let & be a complex vector bundle of rank ¢ +1 on a
manifold X. The total space of the bundle m : P(€) — X of lines in & with fibre CP? has a natural
line bundle O(1), where each fibre is the one-dimensional complex vector space of functionals on
the line in the total space of €. Let A denote the Euler-class of this line bundle.

The ring homomorphism

T Qp (X)) = Qp(P(S))
makes Q3 (P(€)) into an Q5 (X)-module. This module is in fact free with basis 1,\, A2, ..., 9.
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One can show that the Euler-class of the direct sum of vector bundles is simply the product
of the respective Euler-classes. This corresponds the fact that the zero-locus of a general section
of £ @ ¢ is the intersection of the zero-loci of the two separate bundles. Note that this also agrees
with the correct codimensions of the respective submanifolds.

The Euler-class of a tensor product is a little more complicated, but for one-dimensional vector
bundles it is governed by a formal group law in the sense of Definition A.1.

Theorem 1.23 ([46, Proposition 2.7]). There ezist unique classes a; ; € QQU(PFJ') such that the
formal power series

F(u,v) = Z ai’juivi
1,20
satisfies
e(A1 ® A2) = F(e(A1),e(A2))

for all one-dimensional vector bundles Ay and Ao on a manifold X .
The map L* — Q2 classifying this formal group law is in fact an isomorphism, and hence F is
the universal formal group law.

Note that the sum is always finite as complex cobordism is concentrated in degree < dim X
by Theorem 1.18.

Proof. We will sketch the proof of the existence of the formal group law. This is done by considering
the line bundle

pri O(1) @ pr; O(1)
on CP" x CP". By Theorem 1.22 we get that

QF(CP™ x CP") = Z[A1, A2]/ (AT, AD)

where ); is the Euler-class of the ith factor. So by the same theorem there exist unique aj’; such
that
e(priO() @pr; O(1)) = Y af;AA.

0<i,5<n

One can now prove that the coefficients a’; do in fact stabilize if n — oo, which gives us a formal
power series.

As every line bundle is the pullback of O(1) on some CP" we only need to check unity, commu-
tativity and associativity for the line bundles O(1), prj O(1) ® pry O(1) and pr; O(1) ® pr; O(1) ®
pri O(1) on respectively CP", CP" x CP" and CP" x CP" x CP" for large enough n.

The proof for the universality was given by Quillen in [46]. O

We know the structure of the Lazard ring by Theorem A.4 and hence we also know the structure
of ;. It is possible to give explicit generators of degree —2¢ for all natural ¢ in terms of smooth
manifolds, but it is far from trivial. We do however have the following useful theorem.

Theorem 1.24 ([46, Theorem 6.5]). Any product of complex projective spaces CP* is not null-
cobordant for any n > 0 and hence they generate Qf; over the rationals, that is

7 ®Q=Q[CP* | k> 1]
where the degree of CP* is obviously equal to —2k.

Quillen did not only prove that the formal group law on complex cobordism is universal, but
that complex cobordism is itself universal as a cohomology theory with some additional structure.
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Theorem 1.25 ([46, Proposition 1.10]). Consider a functor h from the category of smooth compact
manifolds to the category of graded rings, with the additional information of pushforwards for
complez oriented maps, such that the properties of Theorem 1.20 and Theorem 1.22 are satisfied.
Then we have a unique natural transformation

In(X) 1 Q5 (X) — h*(X)

which commutes with the complez-oriented pushforwards, such that 9p(pt) : L* — h*(pt) deter-
mines the Euler-classes in h* of tensor products of line bundles in terms of the Fuler-classes of
the respective line bundles when defined analogously to Definition 1.21.

Such a theory as described by the conditions on h is called a complex oriented cohomology
theory. Hence complex cobordism is the universal such theory.



Chapter 2

Invariant graded groups for
schemes

In algebraic topology the theories of homology, cohomology and cobordism assign a graded group
to each topological space. These groups contain in general much information about this specific
space. The more structure a space has, e.g. a C'"°°-manifold or a CW-complex, the more structure
can be defined on the group and more results can be derived. This can give even more information
about the space.

However, for the study of a scheme X we would like to consider other such theories. The
theories we represent below are uniquely suited for this purpose, as they express the structures of
the closed subvarieties of X and of the quasi-coherent sheaves on X as a graded group.

2.1 Chow group

An object widely used in algebraic geometry is the Chow group, which has many applications
in enumerative geometry [13]. This group shows similarities in its definition and its properties to
both complex cobordism and cohomology in algebraic topology. The group is a quotient of the
free abelian group generated by classes of subvarieties, whose dimensions provide a grading. The
quotient comes from an equivalence relation on subvarieties of the same dimension.

Definition 2.1. Let X be any scheme. A k-cycle on X is an element of the free abelian group
Z,(X)

generated by subvarieties of X of dimension k.
We will also be interested in the group of all cycles on X given by

Z.(X) =P 2(X).

k>0

Any closed subscheme Z of X defines a cycle on X by

> niZi

where Z; are the irreducible components of Z and n; is the multiplicity of Z; in Z, i.e. the length
of the local ring Oy, 7.

We can now define the notion of rational equivalence on these classes, which shows an obvious
similarity to cobordisms.

13
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Definition 2.2. Let W be a subscheme of X x P! of dimension k + 1, not contained in a single
fibre over P'. The fibres over the two points, say 0 and oo, of the composition W — X x P! — P!
are naturally subschemes of X and define elements Wy and W, in Z,(X). Let Raty(X) be the
subgroup of Zi(X) generated by the elements Wy — W, for all such subschemes .

The Chow group is defined as

CH.(X) = P 2x(X)/ Raty (X).
k>0
The relation induced on Z, by this quotient is called rational equivalence. We will denote the class

of a subscheme Z in CH,(X) by [Z].

For certain types of morphisms, it is possible to construct pullbacks or pushforwards.
Let f: X — Y be a morphism of schemes and Z a subvariety of X. If f reduces the dimension
of Z, that is dim f(Z) < dim Z, then we define f,(Z) =0 € Z,(X). If f respects the dimension
of Z, that is dim f(Z) = dim Z, then the function field of Z is a finite field extension of f(Z) and
we define

[+(2) =[K(2) : K(f(2))]f(Z) € Z.(Y).
This extends to a homomorphism f, : Z,(X) — Z.(Y).
For a flat morphism g : X — Y of relative dimension d, we have an obvious pullback by
g*[Z2] = [g71Z] for [Z] € Z.(Y). Note that it increases the dimension by d.

Lemma 2.3 ([18, Section 1.4 & 1.7]). Let f : X — Y be a proper morphism and g : X — Y a flat
morphism of relative dimension d. The pushforward of f respects rational equivalence and hence
descends to a graded group homomorphism of Chow groups

o : CHL(X) — CH,(Y).

These map are functorial, in the sense that for two composable proper morphisms f and f' we

have that (f o ')« = f« o fL. The pullback
g" : CH.(Y) — CH,yq(X)

is well-defined and is a homomorphism of graded groups as well. These pullbacks, just as the
pushforwards, behave well under composition.

These two types of maps do behave well together, as one can see in the following lemma.

Lemma 2.4 ([18, Proposition 1.7.1]). Let f : X — Z be a flat morphism of relative dimension d
and g 1Y — Z a proper morphism. Consider the following Cartesian square:

Xxy,V -2 X
I !

y —L 2z
We have the identity g* f« = fLg"™* of maps CH,.(X) — CH,4(Y).

We are able to define pullbacks for a more general class of morphisms. We will first need
Theorem 3.3a from [18] which is the algebraic analogue of the fact that the cohomology of any
topological space X and X x R! are isomorphic, as the spaces are homotopic.

Theorem 2.5 (Homotopy invariance). Consider the projection pry : X X A™ — X for any scheme
X. The pullback induces an isomorphism of graded groups

pry : CH,(X) — CH.1(X x A").

Even for a vector bundle £ of rank r over X, which is locally of the form U x A", we have an
isomorphism 7* : CH,(X) — CH.,-(£) induced by the projection w. Pulling back via 7 is in fact
defined, because the projection is a flat morphism.
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Note that this gives us that the Chow group for any affine space A" is concentrated in degree
n, where it equals Z generated by the class of A™.

The isomorphism described by the homotopy invariance property completes the following con-
struction.

Definition 2.6. Let i : X — Y be a regular embedding of codimension d and Z a subvariety of Y’
of dimension k. Define the inverse image W of Z under 4, that is we have the following Cartesian
square

W%Z

X ——Y
The pullback N' = (j')*Nx/y of the normal bundle of X in Y is a vector bundle of rank d on
W. Now let Jx C Oy and Jw C Oz be the ideal sheaves of X in Y, and W in Z. Then by the

construction of W we have a surjection j*7x — Jw, which gives a surjective map of sheaves of
algebras

B (/T — B T/ Ty

n>0 n>0

This gives a closed embedding

Spec @j{b/ﬂﬁ;ﬂ — Spec @j* (T%/T%)

n>0 n>0

of the normal cone CzW of Win Z in V. As CzW is of pure dimension k, it determines an element
[CZzW] € CHg(N). By the previous theorem, this corresponds to a unique class in CHy_4(W).
As closed immersions are stable under base change, we get that ;' : W — X is a closed immersion
as well, and a subvariety of W also defines a subvariety of X of the same dimension. So we get a
class in Zj,_4(X) which we will denote by 7'[Z].

Now if f =poi: X — P — Y is an l.c.i. morphism, with p smooth of dimension d and i a regular
embedding of codimension e, then we have a map

Fo2iY) = Zirae(X), Zwp i(2).

The pullback via p does exist, because smooth morphisms are by definition of constant relative
dimension. These morphisms i' and f' are called Gysin morphisms.

The properties of the map f' are very similar to those of the pullback of flat morphisms.
Theorem 2.7. Let f = poi be an l.c.i. morphism as in the previous definition.
(i) The construction of i* respects rational equivalence.
(i) Fach l.c.i. morphism f gives a map of Chow groups
£ CH(Y) = CHjpa—e(X).
(i4i) This map is independent of the factorization into a smooth and a regular embedding.

(iv) The construction of the Gysin morphisms for reqular embeddings is functorial.

(v) Consider the Cartesian square

XxzY — 5 X

P ‘p
Z

i

Y ——
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where i, and hence ', is a reqular embedding of codimension d.
If p and p' are proper, then

i ope = (p')w 0 (i)' : CHL(X) — CH,_4(Y).
If p is flat, then so is p’, and we get
(") op* = (p/)* 0i' : CH.(Z) = CHapea(X x7 Y).
(vi) The Gysin morphisms for l.c.i. morphisms are functorial and they commute with the push-
forwards of proper morphisms in the sense of Lemma 2.4.

(vit) If f is both flat and a regular embedding, then the two notions of pullback coincide:
fl _ f*

Proof. The second statement immediately follows from the first, which is proven in Proposition 5.2
in [18]. The statements for regular embeddings can be found in Theorems 6.2 and 6.5 in this book as
well. The assertions for l.c.i. morphisms together with the last one, are collected in Proposition 6.6
in [18]. O

2.2 Chern class operators

We can also construct morphisms CH,(X) — CH,_;(X) for each line bundle £ on X. The sheaf
L restricts to a line bundle on any subvariety Z C X of dimension k and as Z is a subvariety, this
gives a divisor D of Z, see Theorem C.1. Now D is a k — 1-dimensional subvariety of X. We now
get the following definition and statement from Section 2.5 in [18].

Definition 2.8. Denote the class of D in CHy_1(X) by ¢1(£) N [Z]. This construction respects
rational equivalence and extends linearly to a group homomorphism

CH,(X) — CH,_1(X)

denoted by ¢1(£)N_ or if we do not want to specify the argument, é (£). This map is called the
first Chern class operator of L.

We will see that we can extend this to homomorphisms
ci(E)N- : CHL(X) — CH.—;(X)

for each 0 <4 < r, where £ is a locally free sheaf of rank r on X. Before presenting the proof we
will state the following properties of the Chern class operators.

Theorem 2.9. Let X be a scheme with a vector bundle £ of rank r. There exist unique homo-
morphisms
Ci((‘i’)m, : CH*(X) — CH*,Z(X)

for 0 < i <r, such that for vector bundles £, £ and E" on X, a morphism of schemes f:Y — X
and « a cycle on X the following conditions are satisfied.

(i) The Chern class operators of £ and &' commute:
ci(€) N (e (E) Na)) = ¢;(E") N (ci(€) Na)).
(ii) Let f be a proper morphism, then the equality
fola(fFE)na) = (&) N fiu(a)
holds.
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(iii) If f is a flat morphism of constant relative dimension, then we have
c(fTE) N f(a) = f* (&) Na).
Now define the Chern class operator polynomial by
GE)=14+caE)t+...+e ().
(iv) Suppose that

028 —=-E=E">0

s a short exact sequence of locally free sheaves on X, then the equality
e(&) =c(ENe(E)
holds as operators on CH,.(X).

(v) Consider line bundles L and M on X. The homomorphism ¢ (L) coincides with the one
given above. Also, by the linearity of the correspondence of divisors and line bundles we have

G (L@M) = (L) + (M)

and

&(LY) = —&/(L).

Using these properties we can determine the Chern class operators of a vector bundle £ if it
would admit a filtration
0=&céE c...cé&qE =&

such that the quotients of consecutive terms are line bundles. Because then we could calculate
the Chern class operator polynomial by expanding the equality

T

é&(&) = Hét(gi/&'—l)

=1

which follows from repetitive applications of the additivity property for short exact sequences.
By the following principle we can actually assume the existence of such a filtration for general
vector bundles.

Theorem 2.10 (Splitting principle). Let X be a scheme and & — X a vector bundle of rank r
on X. There exists a smooth scheme X together with a flat morphism ¢ : X — X, such that

¢* : CH,(X) — CH,(X)
is injective and the bundle ¢*E on X admits a filtration
0=& Cé& C...C& =0¢%E
such that the respective quotients £;/E;—1 are line bundles on X.

Proof. We prove the existence of a space X, such that ¢* : CH,(X) — CH,(X) is injective and
¢*E has a one-dimensional subbundle. The proof is then completed by induction on the rank of £
for general spaces, as it trivially holds for line bundles.

Consider the projective bundle P(£) — X with flat projection ¢. Then ¢* is injective by Corol-
lary 3.1 in [18] and Op(g)(—1) is the sought subbundle of ¢*£. O

Now note that this principle and properties (iii)-(v) in Theorem 2.9 do suffice to prove the
uniqueness of the Chern class operators.

We already saw in Theorem 2.5 how the Chow group of an affine bundle relates to that of the
base space. There is also an important result for projective bundles, which is easily expressed in
Chern class operators.
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Theorem 2.11 (Projective bundle property, see [18, Theorem 3.3b]). Let £ be a vector bundle of
rank g + 1 on a scheme X. Consider the corresponding projective bundle w : P(£) — X and the
following homomorphisms

c1(Opey (1)) N7* — : CHugi—g(X) — CHL(P(E))

for all 0 < i < q. These homomorphisms sum to an isomorphism
q
P CH. i ¢(X) — CH.(P(£)).
i=0

Using this theorem we can show the existence of the Chern class operators following Grothendieck’s
approach [21].

Proof of Theorem 2.9. Write ¢ for the dimension of P(€) over X. So g equals r — 1, where r is the
rank of the bundle £ on X.
Now let v € CH,(X) be any class. Then we have that 7*«a € CH,.;,(P((E))) and hence

Cl(O]p(g)(l))q Nm¥a € CH*(P((E)))

Hence for each 0 < i < g there exists a unique 8; € CH,4;_4(X) such that

q
c1(Opey(1)! N = Z c1(Op(e) (1)) N 7*B;.
=0

Now we can define ¢o(£) Na = o and
c(&)Na=(=1)""Fpr1i.
It is easily seen that these maps define homomorphisms
&(€) : CHL(X) — CH,_;(X)

which are uniquely determined by the identity

> (D@ (0W) T on 0 &(€) =0
=0
of endomorphisms of CH,(P(£)).

The proofs of the properties in Theorem 2.9 follow similarly to those of Chern classes in [21].
We will only prove properties (iv) and (v) as the other statements are proven in a similar manner.

(iv) Note that it is clear from Definition 2.8 that this property holds for line bundle.

Let us write &£ for the pullback f*£. By the naturality of the projective bundle construction
we have an isomorphism of f*(P(€)) = P(£’) and hence a map P(E') — P(€) by the top
map f in

[P(E) —— P(€)
Y

%X
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which satisfies Opg/) = f*Op(g). Now we get that

0=f (Z(—l)i@(OMS)(l))T_i or*o éi(g)(a)>
=0

(—1)'f* 0 &1(Op(e) (1) o™ 0 &(E)(a)

@
I
=

(—1)"61(Op(en (1)) o f* o™ 0 Gi(€)(a)

Il
<.
sl M%
o

(—1)'e1(Opery (1)) " o m™ o f* 0 &(E) ().

<.
[}

By the definition of the Chern class operators we see that f* o ¢;(€)(a) = f*(ci(€) N )
equals ¢;(f*€) N f*a.

(v) Consider the line bundle £ = Ox (D) then 7 : P(£) — X is an isomorphism. Under this
correspondence we see that Op(¢)(1) equals Ox (D). Now ¢;(€) is uniquely determined by

0=2¢1(Opey(1)) o™ — 7" 0é1(E)

and the result follows as m and hence 7* is an isomorphism. O

2.3 Properties of the Chow group

So far, the Chow group shares some properties with cobordism theories in algebraic topology,
such as the homotopy invariance and projective bundle property. The similarity extends to the
following properties. The first is the existence of an product on Chow groups.

Theorem 2.12 ([17, Proposition 1.10]). Let X and Y be schemes. There is a well-defined map
x : CH;(X) ® CH;(Y) —» CH;1;(X xY)
which maps (W] Q [Z] — [W x Z].
This product is called the exterior product of the Chow group.

Note that W x Z is irreducible and reduced, just like W and Z since we are working over an
algebraically closed field [19, Lemma 4.23]. So W x Z is indeed a subvariety of X x Y.

The second property is the algebraic analogue of excision in cohomology stated in [18] as
Proposition 1.8.

Theorem 2.13 (Excision). Let Z be a closed subscheme of a scheme X. Let j: Z — X be the
closed immersion and i : U — X be the open immersion of the complement. Then we have that
the following sequence

CHy(Z) 23 CHy(X) 5 CHL(U) — 0
is exact for all k.

Like homology of a CW-complex is generated by classes of the cells, we have a similar result
for Chow groups, coming from [18, Examples 1.9.1 & 19.1.11]

Theorem 2.14 (Cellular decomposition). Consider a scheme X which has a filtration
l=XoCcX1C...CXp=X

such that X;\X;_1 has irreducible components U; o which are affine spaces A . If the closures

Viia = Ui of all such components are smooth, then the classes of these closures [V; o] form a
basis for CH.(X).
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This shows that the Chow group of a projective space P™ consists in degree d of Z generated
by the class of a projective subspace of dimension d.

Together with the homotopy invariance property, one sees that the exterior product is an
isomorphism if at least one of the spaces X and Y admits such a cellular decomposition.

2.4 Chow ring

Consider two subvarieties V' and W of dimension k and [ of a scheme X of dimension n. The
intersection V N W is in general a subvariety of dimension k + [ —n and one might like to use this
to define a product on Chow groups. This is not always possible, but we will show it is possible
if X is a non-singular quasi-projective variety. In this case we even get a graded ring, if we grade
subvarieties not by their dimension, but by their codimension instead.

Definition 2.15. Let X be a smooth variety of pure dimension n. Then define the graded group

called the Chow ring of X. The Chow ring for non-connected smooth schemes is defined as the
direct sum of the Chow ring of the components.

We would now like to define the intersection product on CH*(X). So let V and W be two
subvarieties of X. If they meet in a nice enough manner, we would like to define [V] - [W] as
the class of the set-theoretic intersection. This product respects the new grading, as for general
intersections we would expect codim V' + codim W = codim V N W. In general we would like to
define the product [V]-[W] as a sum of the irreducible components of V' N W taking into account
some kind of multiplicities. For this to work we need that the irreducible components Z; of VNW
are in fact of the right dimension.

Definition 2.16. Let V' and W be subvarieties of X. We say that they intersect properly if
codimV + codim W = codimV N W.

So if V and W intersect properly we would like to define some coefficients i(V, W; Z;) such
that
V]- W] =) i(V.W; Z)[Zi]
extends to a product on CH*(X). The definition of these local intersection multiplicities comes
from Serre [52] and is given by

Z(V, W,ZZ) = Z(—l)j lengthoz_vx TOI‘]QZ“X (Ozi’x/l'v, Ozi’x/l-w).

320

This definition does in fact respect rational equivalence if X lies in Smy,.

Now there are several ways to proceed: one could do a lot of work to prove Chow’s moving
lemma, which says that one can move cycles within their rational equivalence class to get proper
intersections, see for example [49]. A cleaner way is to make use of the work we did in defining
the Gysin morphisms and note that the following product coincides with the one given above, in
the case of proper intersection.

Definition 2.17. Let o and § be classes in CH*(X) for a scheme X € Smy,. Then we define the
intersection product of these classes as

O"B:(S!(O‘Xﬂ)a
which is well-defined as the diagonal embedding § : X — X x X of a smooth scheme is regular.

Note that each morphism between two smooth quasi-projective varieties is in fact an l.c.i.
morphism, so we have pullbacks for all morphisms in Smy. By abuse of notation we will often
write f* for the pullback via a general morphism f.
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Theorem 2.18 ([18, Proposition 8.3]). The defined product makes CH*(X) into a ring with unit
given by the class [X] € CH(X) for all X € Smy,.

This makes CH* a covariant functor from Smy, to the category of graded commutative rings, with
the morphisms CH*(f) given by f* as defined above, using the intersection product. In particular,
for any morphisms f: X =Y and g:Y — Z, we have

(gof) = frog"

Note that unlike the pullback for general morphisms in Smy, the pushforward for proper
morphism is not a ring homomorphism. One can see that the pushforward of the inclusion of a
point in a quasi-projective smooth variety X of positive dimension does not map the multiplicative
unit of the point to the multiplicative unit of CH*(X).

This product allows us to give a nice relation between pullbacks and pushforwards in the Chow
ring.

Lemma 2.19 (Projection formula [18, Proposition 8.1.1b]). Let f : X — Y be a proper morphism.
Then for all classes « € CH*(X) and 8 € CH*(Y) we have

fela-f78) = fi(a) - B.

Of course, all the properties for the Chow group are also satisfied by the Chow ring, most
importantly the excision property, homotopy invariance, the cellular decomposition property, the
splitting principle, the projective bundle property and the existence of the degree map for projec-
tive varieties.

In particular we can determine the ring structure on CH*(P™). The Chow ring of a projective
space is a free abelian group with one generator in each dimension, generated by any linear
subspace of the correct codimension. Since the intersection of two general linear subspaces is also
a linear subspace of the expected dimension, we see that

CH"(P") = Z[h]/(h™+7)

where h is the class of any hyperplane.

2.5 Chern classes and numbers

Let X be a general scheme of dimension n with a vector bundle of rank r. Using the Chern class
operators ¢;(£), one can define classes ¢;(€) € CH,,_;(X) by evaluating on the class [X] € CH,,(X).
These classes do in general possess less structure than the Chern class operators. However, given
the intersection pairing one can retrieve the information of the Chern class operators in terms of
these classes.

Definition 2.20. Let X € Smy be a smooth quasi-projective scheme with a vector bundle £ of
rank r. Define

ci(€) == ci() N [X] € CH'(X)
for all 0 < ¢ < r. These classes are called the Chern classes of £.
Now Example 8.1.6 in [18] shows that for any class @ € CH"(X) we have
ci(&)a=(E)N[X)a=(g(E)Na)[X]=c(E)Na.

So for non-singular X the Chern classes give the same information as the more general Chern class
operators.

We can use this to give a more natural formulation of the projective bundle property in The-
orem 2.11.
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Theorem 2.21 (Projective bundle property). Let £ be a vector bundle of rank ¢+1 on X € Smy,
and let P = P(E) be the corresponding projective bundle with projection m : P — X. Let £ be
the class in CH'(P) corresponding to the invertible sheaf Op(1). Then CH*(P) is a free CH*(X)-
module, via the map

n*: CH"(X) — CH"(P),

with basis 1,€,€2,...,€9.

Now consider any class a € CHy(X) for a proper scheme X. As X is proper, so is the structure
map 7x : X — Speck. So we can push « to CH,(k), which is concentrated in degree 0 where it
equals Z. So we get a class mx.« € Z. We can express this number in a different manner: « is the
formal sum of classes of (reduced) points. Since rational equivalence in dimension zero reduces to
linear equivalence on curves in X x P!, we get a well-defined natural homomorphism of groups.

Definition 2.22. Let X be a projective scheme of dimension n. Then we have a group homo-
morphism

deg : CHo(X) — Z, an[Pz] — an length Op, x.

We can of course extend this homomorphism to the whole of CH, (X) by mapping all classes of a
different degree to zero. This map is more commonly denoted by

/ :CH.(X) > Z, «w— deg(ag),
b'e

where g denotes the degree 0 part of . The number [ @ is called the degree of the Chern class
.

That is, we count the number of reduced points in the formal sum. We can use this map to
define interesting invariants for proper schemes.

Let £ be any rank r vector bundle on a projective scheme X € Smy of dimension n. Now
consider a polynomial p with integer coefficients in n variables x1,xs, ..., x, where each z; is of
degree 7. This polynomial defines a class in CH* (X)) by mapping z; to ¢;(€). So if p is homogeneous
of degree d, then this defines a homogeneous class in CHd(X ). In particular, we can extract the
degree n part.

Definition 2.23. Let X € Sm; be a projective scheme of dimension n. Let P be the set of
weighted polynomials p of degree n, as above. The Chern numbers of a vector bundle & are
defined by

| pa@.ae)... @)
X
for all p € P. For £ = Tx we talk about the Chern numbers of X.

As an example we will compute the Chern numbers of a projective curve C' of genus ¢g. In this
case, the only interesting polynomial is x;. So we compute

L) = [ ~1K1=—deg =22

where K is a canonical divisor on C.

2.6 K-theory

We will now consider K-theory, which consists of two specific examples of the general Grothendieck
group construction [51, Theorem 1.1.3]. Most of the material in this section comes from [39], which
gives a thorough treatise on the subject. The more specialized results come from [22].
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Definition 2.24. Let X € Schy be a scheme. Consider the free abelian group J generated by
isomorphism classes of coherent sheaves on X. For a short exact sequence

0>F—=-E—-G-0

of coherent sheaves on X, we define an element £ — F — G of J. Let J’ be the subgroup generated
by these elements for all short exact sequences. Define K-theory of coherent sheaves on X

Ko(X) =3/

The class of a sheaf £ is denoted by v (E).

Let us now replace the isomorphism classes of the objects of the category of coherent sheaves with
those of the full subcategory of locally free sheaves. Define £ as the free abelian group on these
classes and let £’ be the subgroup generated by the relations associated to the exact sequences of
locally free sheaves. We define K-theory of locally free sheaves on X by

K*(X)=2¢/¢.

In this group we will use v*(€) for the image of a locally free sheaf £ in this group. If no confusion
can arise we will also use [£] to denote the class of a sheaf in either of the K-theories.

Clearly, for all X we have a group homomorphism
K*(X) = Ko(X).

This map is in general not an isomorphism, but it does relate the structures of the two groups.
Let us first examine these structures.

Theorem 2.25. Let X € Schy, be a scheme.
(i) The group K*(X) is a ring with multiplication given by
V(E (&) =7 (61 © &)
for all locally free sheaves & and E;. The identity is given by v*(Ox).
(i) The group Ko(X) is a K*(X)-module, with the module structure given by

Y (E)Ve(F) = 7e(E @ F).

The proof of the above theorem is straightforward, using the fact that locally free sheaves are
flat. It also follows that the map K*(X) — K.(X) is even a homomorphism of K*(X)-modules.

One important property of K-theory is the following result coming from [39, Corollary 1.12].

Theorem 2.26 (Excision for K-theory). Let U be the open complement of a closed subscheme Z
of an X € Schy.. Then we have an ezxact sequence

Ko(Z) = Ko(X) —» Ko(U) — 0,
where the maps are given by extending a generator by zero outside of Z and restricting to U.

In particular, K, allows for both pullbacks and pushforwards for certain classes of morphisms.

If one has a construction to make a new sheaf out of a given one, this does not necessarily
descend to a morphism in either K-theory. The construction should map a coherent sheaf to a
coherent sheaf, or a locally free sheaf to a locally free sheaf, but it should also be exact to easily
extend to a morphism on either K, or K*®. Such examples are given by pushforwards for closed
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immersions and pullbacks for open immersions as in the above theorem. Let us examine the
possibilities of extending pullbacks and direct images in this manner.

The pullback of a general morphism is exact, although it does not always carry a coherent
sheaf to another coherent sheaf. This is however the case for Noetherian schemes, which gives us
a theory of general pullbacks on K*® and K,.

The direct image f, of a locally free sheaf is not always locally free either. This is however the
case for coherent sheaves, but unfortunately this functor is not exact. It is however left-exact and
gives rise to the higher image functors R* f,. A well-known result says that the sheaves R* f,(F)
are coherent if f is projective and F is coherent [26, Theorem I11.8.8(b)]. We can use this to define
well-defined pushforwards for projective morphisms.

Theorem 2.27. Let f: X =Y be a morphism of schemes in Schy,.

(i) The pullback of f on locally free sheaves defines a ring homomorphism

fIK(Y) = K*(X), [E]—[f*€].

(i) If f is projective we have a group homomorphism given by

fi:i Ko(X) = Ko(Y i—)Z V(R . F]

(i4i) For all f we have a well-defined map
T K (Y) = Ko(X), [Fle[f*F)
which is also a group homomorphism.

These morphisms behave well under composition. So if g : Y — Z is another morphism then
frog*=(gof), flog' = (gof), and if f and g are both projective then so is their composition
gofandgo fi=(go f).

Proof. The only non-trivial part of the theorem is the statement that gio fi = (go f). We will prove
this following Manin [39] using the Grothendieck spectral sequence. Consider the composition of
functors

Coh(X) %3 Coh(Y) % Coh(2).

We will prove that f, maps an injective object in Coh(X) to a g.-acyclic object.

So let us prove that
(RPg.) LZ=0

for Z an injective sheaf on X and p > 0. We know that the sheaf (RPg,) f.Z is the sheaf associated
to the presheaf mapping an open U C Z to

H (g7 (U), 2], 1 )

As injectivity of sheaves is preserved under taking the direct image and restricting to an open
subset, and injective sheaves are acyclic, we get that these cohomology groups do indeed vanish.

So for any F € Coh(X) there exists a spectral sequence given by
2= R7g.(R'f,F) = R"(go f).F.

Let
0=F'CF'C...CF"=R"(go f).F
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be the filtration of the limit, so by definition

By [ Fvq = BB
Now we find
(go fUF = Z )" [R"(g o f)«F]
:2(—1)":2_:0 ([FEFY - [FP)
zi(_wémﬂ/m
_ g_l)”gw&”ﬂ

I
]
L
=
&
83

On the other hand

The boundary homomorphism §, splits ES in bounded complexes, whose terms are counted with
alternating signs in the above sum. The fact that the alternating sum of the classes of the terms
of a complex equals the alternating sum of the classes of the homology of this complex, implies
that

S B = S e == Y
n=0 n=0 n=0
proving the claim. U

Especially the maps f' and fi satisfy a nice relation.

Lemma 2.28 (Projection formula). Let f : X — Y be a projective morphism between X,Y €
Schy,. For any classes o € Ko(X) and € K*(Y) we have the following formula:

fila- £1(8) = fila) - B.

The first multiplication comes from the module structure of Ko(X) and the second is the multipli-
cation in the ring K*(X).

Proof. Clearly both sides are linear in both « and 3, so it is enough to consider o = ~,(F) and
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B =~*(&) for F a coherent sheaf on X and £ a locally free sheaf on Y. In this case we have
fila-£1(8) = fj(—l)i[R"f*(f@ )
i(l)i[Rif*(F) 2 &)
— i(—l)i[R"f* (F)]-~*(€)

= (Z(—l)i[Rif*(f)O Y% (E) = fila) - B.
i=0

Here we used that R'f,(F ® f*€) = R'f.(F) ® £. This follows from the projection formula for a

coherent sheaf F and a locally free sheaf &, see for example [26, Exercise I1.5.1(d)],

H(FRE) = f(F)®E.

So the right derived functors in F of both sides coincide. Furthermore we have R (f.(_) ® &) =
Rif.(_) ® & since tensor multiplication with & is exact, as £ is locally free. O

2.7 Properties of K-theory

Now that we have defined two K-theories together with several multiplications, pullbacks and
pushforwards which give group, ring and module structures on these objects, we can examine
additional properties.

We already saw that the excision property holds in K,. Note that maps in that theorem are
simply the pushforward of the open immersion of U in X, and the pullback of the closed immersion
of Z in X. The latter is defined as any closed immersion is projective.

K-theory does also satisfy the projective bundle property, best expressed in terms of the K*(X)-
module structure on Ko(X).

Theorem 2.29 ([22, IX Corollaire 3.2]). Let £ be a vector bundle of rank ¢ +1 on X € Schy,
and let P = P(&) be the corresponding projective bundle with projection m : P — X. Let & be the
class in K*(IP) corresponding to the invertible sheaf Op(1). Then Ko(P) is a free K*(X)-module,
by the map

7" Ko (X) — Ko(P),

with basis 1,£,€2,...,¢9. So the map

(Ko(X) T = Ko(P),  (3i)o<icq ZW*(%)ﬁi
i=0

is an isomorphism of K*(X)-modules.

One can also show that K*®(P) is a free K*(X)-module with basis 1,¢£,&2,...,£9. See for
example [22, VI Théoreme 1.1]. In this case we even know that K*(PP) is a K*(X)-algebra generated
by a single element &.

We have seen some obvious similarities of K-theory with the Chow group and ring, but also
between the two introduced versions of K-theory. The relation between K*®(X) and Ko(X) is even
more clear when X is a regular quasi-projective scheme.

Theorem 2.30. Let X € Smy, be a smooth quasi-projective scheme. Then the map
K*(X) = Ko(X)

is an isomorphism of groups.
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Proof. A proof can be found in [26, Exercise 111.6.11]. The main idea is to construct an inverse
using a locally free resolution

0—-& —&1—...4&E—=>F—=0

for a coherent sheaf F on X, by defining

n

Ko(X) = K*(X), 7(F) =) (=1)'7*(&).
=0

After one shows this is well-defined, one immediately sees that both compositions equal the identity.
Note that as X is a scheme over an algebraically closed field k, being smooth or regular are
equivalent. So we can use the regularity assumption in proving the existence of such a locally free
resolution. O
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Chapter 3

Algebraic cobordism

In [35] Levine and Morel define the notion of oriented Borel-Moore homology theories, an algebraic
version of cobordism theory as a homology theory on a reasonable full subcategory V of Schy
which contains Smy. This basically consists of assigning to each object a graded group, together
with the following structure: pushforwards for projective morphisms, pullbacks for local complete
intersection morphisms and Chern class operators for vector bundles. The axioms will also imply
the existence of a formal group law, which relates the first Chern class operator of the tensor
product of two line bundles to the Chern class operators of the respective line bundles.

Such a theory gives after restricting and re-indexing a cohomology theory on Smy, which is a
direct analogue of the axiomatic framework for complex oriented cohomology theory as considered
by Quillen in [46]. From such a theory on Smy, we can get back to the oriented Borel-Moore
homology theory on Smy, but not necessarily to the one on V.

Levine and Morel construct an oriented Borel-Moore homology on Schy,, called algebraic cobor-
dism €, which is the universal such theory. By the above discussion we immediately get a universal
oriented cohomology theory 2* on Smy.

3.1 Notation and preliminary definitions
We will define several theories on subcategories of Schy. We will need some conditions on these
subcategories.

Definition 3.1. A full subcategory V of Schy is called an admissible subcategory if it satisfies
the following conditions.

(i) The empty scheme and Speck are in V.

(ii) If we have a scheme X in V and a smooth, so also quasi-projective, morphism ¥ — X then
we must have that Y lies in V as well.

(iii) If X and Y are in V, then so are their disjoint union X []Y and their product X x Y.
Note that any admissible subcategory V contains Smy.

Definition 3.2. An admissible subcategory V in Schy is called I.c.i.-closed if also satisfies the
following two axioms.

(i) f Y — X is an l.c.i. morphism and X lies in V, then so does Y.
(ii) For any regular embedding Z — X in V, we have that the blow up of X in Z also lies in V.

Sometimes we restrict a subcategory V of Schy to the subcategory V' which has the same
objects, but whose morphisms are exactly the projective ones.

We will also need the notion of nice intersections of closed subschemes, which generalises to
arbitrary pairs of morphisms to the same scheme.

29
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Definition 3.3. Two morphisms X,Y — Z in an admissible subcategory V are called transverse
in V when

(i) the fibred product X xz Y lies in V;

(ii) the Oz-modules
TOI‘S)Z (Ox, Oy) =0

are trivial for all ¢ > 0.

Subschemes of Z are transverse if the corresponding closed embeddings are transverse.

3.2 Oriented Borel-Moore homology theories

The following definition comes from [35, Definition 5.1.3].

Definition 3.4. An oriented Borel-Moore homology theory A, on some l.c.i.-closed admissible
subcategory V of Schy consists of

(D1) a functor
A,V — Ab,, X = Al(X)

such that A,(0) = 0 and the natural map
A(X) B AY) = AX]]Y)
is an isomorphism, i.e. A, is additive.
(D2) a homomorphism of graded groups
[T AdX) = Aapa(Y)
for any l.c.i. morphism f:Y — X in V of relative dimension d.
(D3) an associative commutative unital bilinear graded pairing

A (X)® Au(Y) = A(X X Y)

URUV = UXV

for each two spaces X and Y in V. The unit element is denoted by 1 € Ag(Speck).

So we have the additional structure of projective pushforwards, pullbacks for l.c.i. morphisms
and the so called exterior product. We will need three axioms to ensure these structure go well
together. We will also need three more axioms called the projective bundle property, the extended
homotopy property and the cellular decomposition property.

(BM1) For l.c.i. morphisms g: Z — Y en f: Y — X in V of pure relative dimension d and e, we
have

(ng)* — f* og* . A*(X) — A*+d+e(X)~
In addition IdX* = IdA*(X)

(BM2) For a projective f : X — Z and an l.c.i. morphism g : Y — Z which are transverse in V we
get the Cartesian square
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in which f’ is projective and ¢’ is an l.c.i. morphism, since both projective and l.c.i. mor-
phisms are stable under base extension. We have equality of the following maps

9 fe=flg"

(BM3) Consider two morphisms f: X’ - X and g: Y/ =Y in V.
If both morphisms are projective, then

(f x g)e(u' x0') = fu(u) X g (/)

for all w' € A, (X') and v' € A (Y).
If f and g are both l.c.i. morphisms, then

(f xg)"(uxv) = f*(u) x g*(v)
for all u € A.(X) and v € A, (Y).

Let £ be a line bundle on some X € V. Let s : X — L be the zero-section and define the first
Chern class operator of L by
&(L): Au(X) = Au1(X)
u > ¥ s, (u).

(PB) Let € be a locally free sheaf on X € V of rank ¢ + 1 and let 7 : P(€) — X be the associated
projective bundle. Define for i € {0,1,...,q} the map £ as the composition

Avio(X) =5 AL (P(&) 128 4, (p(2))

These maps sum to a homomorphism
q
P At img(X) = A(BE)
i=0

which is in fact an isomorphism.

(EH) For any vector bundle £ of rank r over X € V, and any E-torsor p : V — X, we have an
isomorphism
P Ad(X) = A (V).

(CD) Consider

wW=PV x...xPV
N—————

I

for integers r and N. Let p; : W — P be the projection on the ith factor and Xy, ..., Xy
the usual homogeneous coordinates on PY. For non-negative integers ni,...,n, we have a
subscheme i : E — W defined by [];_, pj(Xn)" = 0. The pushforward

is t Au(B) = AL (W)
is injective.

A morphism of oriented Borel-Moore homology theories is a natural transformation of the
functors, which commutes with pullbacks and exterior products.

We will see that the projective bundle property is a generalisation of the property by the same
name we saw for the Chow group, the Chow ring, and K-theory. The cellular decomposition
property does not resemble Theorem 2.14, but in Theorem 3.8 we will show that the statements
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are most definitely related. The extended homotopy property obviously implies the homotopy
invariance properties stated in Chapter 2. This statement is clearly stronger and can be used to
prove a general splitting principle in any oriented Borel-Moore homology theory, see Remark 4.1.2
in [35]. Together with the projective bundle property this allows one to extend the first Chern class
operators of line bundles to general Chern class operators for vector bundles of any rank, similar
to the proof of Theorem 2.9. Most of the properties of Chern classes stated in that theorem, also
hold in any oriented Borel-Moore homology theory. The main exception is property (v), which
does not hold in every oriented Borel-Moore homology theory.

In complex cobordism we have a similar situation with the Euler classes. Quillen [45] recognized
that the Euler classes of tensor products of line bundles are given by the universal formal group law.
This also holds in the algebro-geometric case, by the important result from [35, Proposition 5.2.6].

Theorem 3.5. Let A, be any oriented Borel-Moore homology theory on V. There exists a unique
commutative formal group law of rank one

Fa(u,v) =u+v+ Z a; ju'v!
i,j>1

on A, with a; j € Ai;—1(k) such that

G(LRM) = Fa(c1(L),¢1(M))
for two line bundles over the same base X. This is well-defined as ¢ (L£)™ =0 for n > dim X.

So each oriented Borel-Moore homology theory A, determines a unique graded ring homomor-

phism L, — A, (k).
Chow group as an oriented Borel-Moore homology

We will now show that the Chow group is an example of an oriented Borel-Moore homology theory
on Schy, with the structure of pullbacks and pushforwards defined as in Section 2.1. Clearly we
have pushforwards for any projective morphism, as we have defined pushforwards for all proper
morphisms. We also saw a definition of pullbacks for l.c.i. morphisms and a bilinear graded pairing

CH,(X) ® CH,(Y) — CH,(X x V)

which is associative and commutative, given by the exterior product, [V] ® [W]— [V x W]. The
unit of this product is given by the class of the unique point [Spec k] € CHy(Spec k). The axioms
(BM1) and (BM2) were proven in Theorem 2.4. To prove that the exterior product respects the
pullbacks and pushforwards of this theory, i.e. axiom (BM3), we have the following result.

Theorem 3.6. Let f: X — Y and g: W — Z be morphisms of schemes in Schy and let f x g
be the product map X x W —Y x Z.

(i) If both f and g are proper, then the same holds for f x g and we have

(f x g)s(ax ) = fraxg.p
for any classes o € CH,(X) and 8 € CH.(W).

(ii) If f and g are l.c.i. morphisms, then so is f x g and for cycle classes v € CH.(Y) and
0 € CH.(Z) we have

(f xg)"(y x6) = fry xg"o.

Proof. The first statement is proved in Proposition 1.10 in [18]. There one can also find a proof
for the second statement in the case of flat morphisms. By Remark 5.1.2 in [35] we have that
regular embeddings are closed under composition and exterior product. The second statement
follows from these two results. O
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This immediately proves the axiom (BM3) for the Chow group. Now we get a first Chern class
operator for a line bundle £ on an X € Schy, given by

&1 (L) =s"o0s,

where s : X — L is the zero-section of the line bundle. We will show this coincides with the
defined ¢; (£)N_ which we saw before.

So let [Z] € CH(X) be the class of a subvariety Z of dimension k of X. Let us explicitly
calculate s*s,[Z]. If we consider X as a closed subscheme of the total space of the line bundle,
then we see that Z is a closed subvariety under this identification. Let us write L for the total
space of L.

By the definition of pushforwards for closed embeddings, which are projective, we see that s.[Z]
is the unique class in CHg (L) which is just the inclusion of Z in L, using the closed embeddings
Z 2 X 5 L. So Z defines a closed subvariety of L, which we will also denote by Z. Now pushing
forward via s, which is also a regular embedding, we get by the definition of such pushforwards a
Cartesian square

Z
hﬂl
S

X ———1L

o

— Z

BN

and a degree k class by embedding Z in the total space of the normal bundle of X in L restricted
to Z. The normal bundle of X in L is simply £, which restricts to £|z on Z with total space
L|z. Now the normal cone of Z in Z, which is in fact Z, defines a subvariety of L|z of degree
k as the zero-subscheme of the restriction of £ to Z. Its class in CHg(L|z) corresponds to a
class in CHy_1(Z) by the isomorphism in Theorem 2.5. We know this class explicitly: as Z is a
variety the line bundle L|z corresponds to a Cartier divisor. This divisor on Z immediately gives
a cycle on X. It is clear that this class equals the class of the restriction to Z of the divisor on X
corresponding to L.

It is left to prove that the three geometric axioms (PB), (EH) and (CD) do in fact hold. The
projective bundle property comes directly from Theorem 2.11. The extended homotopy axiom
is a further generalisation of the homotopy invariance property and follows from the following
theorem.

Theorem 3.7. Let € be a locally free sheaf on X € Schy, of rank r. Then if m: V — X is an
E-torsor, then m* is an isomorphism of Chow groups

7 CH4(X) — CHyyr (V).

The proof of this theorem follows from the result in Chapter 3 of [35], see in particular Re-
mark 3.6.4.

The last axiom does not look like the cellular decomposition property we saw before for the
Chow group. We will show that this axiom is however implied by a weaker version of the cellular
decomposition property in Theorem 2.14.

Theorem 3.8. The aziom (CD) of oriented Borel-Moore homology functors for the Chow group
is implied by the statement:
consider a scheme X € Schy, which has a filtration

(Z):XoCXlC...CXk:X

such that X;\X;_1 has irreducible components U; o which are affine spaces A™>. If the closures
Viia = Ui o of all such components are smooth, then CH,(X) is generated by the classes [V; o).
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Proof. Let E be the subscheme of W as in the axiom (CD). Write Xj(-i) = pi(X;) for the jth
variable on the ith factor of W. Then we have that F,..q is the union of the divisors

E;=PN x .. . xPN¥"lx. .. xPV,

where the closed embedding PN=1 — PN at the ith coordinate is given by the vanishing of the
last variable Xr(f). Let us fist say something about the Chow group of spaces of these forms.

Consider a space X = PM1 x .. x PM: Then repeated application of the projective bundle
property shows that CH,(X) is the free abelian group on the classes

[P™ x ... x P™]

for all inclusions Pt x ... x P™ — PMi x  x PM¢ defined by the vanishing of M; — m;
distinct coordinates on the ith factor. The classes of these subvarieties P™! x ... x P™t are clearly
independent of the choice of these coordinates by the definition of rational equivalence.

Since each PM satisfies the condition of the cellular decomposition axiom, by the decomposition

PPcplc...cpM

we can define a decomposition of E. Indeed, consider
I*°= I1 II#"< I II#~c..c I [[*=" ==
=1 > m;=0 1 Smy=1 1 > m;=N2-1 1

where each union is taken over all products of projective subspaces of PV such that the total
dimension is fixed. So in particular, each occurrence of m; lies between 0 and N. This decompo-
sition does indeed satisfy the necessary conditions and it is easily checked that the closure of each
irreducible component of the complement of consecutive parts is exactly

Pt ox Lo x P
where 0 < m; < N for each i, but also m; < N — 1 for at least one i. So CH.(FE) is the free
abelian group on the classes of these subvarieties. On the other hand we know that CH,(W) is
the free abelian group on these classes and the additional class

PN x ... x PV,

This proves that the map CH,(E) — CH, (W) is indeed injective. O

So we conclude the following theorem where we calculate the formal group law, whose existence
is guaranteed by Theorem 3.5.

Theorem 3.9. The Chow group on Schy, is an oriented Borel-Moore homology theory.
The formal group law is the additive one, i.e. it is given by

Fen, (u,v) = u+v.

Proof. The axioms have been verified. The formal group law is uniquely determined by the
property
cl(LOM) = (L) + (M)

given in Theorem 2.9. O
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K-theory as an oriented Borel-Moore homology

Now let us turn our attention to K-theory. Although we do have a lot of structure which looks
like what we need for an oriented Borel-Moore homology theory, we do not have a grading on K,.
One way to fix this problem is to formally add a grading variable as done in Example 1.1.5 and
Example 2.2.5 in [35].

So define for any X € Schy, the following graded group
KO [ﬁa ﬁ_l}(X) = K.(X) ®z 2[67 B_l]v

called graded K-theory. where we use the natural Z-module structure on K4(X) coming from the
abelian group structure. A basis for this group is given by the elements of the form [F]3* for F
a coherent sheaf on X and k any integer. The integer k is called the degree of the element, which
makes Ko[3, 371](X) into a graded group.

We will need an extension of the pullbacks and pushforwards.

Definition 3.10. We define the following data for an oriented Borel-Moore homology theory on
K[3,87"):

(i) Let f : X — Y be a morphism and let F and G be coherent sheaves on X and Y, respectively.
If f is projective, then we define the pushforward for K,[3, 37!] on basis elements by

£ ([F18%) = (AIF]) B*.

For f a smooth morphism of dimension d we define
F([G18") = (f*[g]) ™.

(ii) The product is given by mapping [F]8* ® [G]3' in CHx(X) ® CH,(Y) to
[FRGIB* € CHpy(X x V).

Here we write F X G for the tensor product of the pullbacks of the sheaves via the respective
projections. Note that this gives a coherent sheaf, as the pullback of a coherent sheaf is
coherent for Noetherian schemes and coherence is preserved under taking the tensor product.

From the properties of the pullbacks and pushforwards for K-theory we immediately get that
these maps are functorial as well. We now prove that the defined theory also satisfies (BM2) and
(BM3).

Theorem 3.11. Consider the Cartesian square

’

Xx,V —2 4 X

Z

y —4

where f is projective and g is flat of relative dimension d. Then by stability of these properties
under base extension we find that f’ is projective and g' is flat of relative dimension d. Then we
have the equality of maps

g fe=9"fi
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Proof. Let F be any coherent sheaf on X. Then we find that

9" f« ([F18*) =¢" (i(—l)’"[Rmf*f]B’“>

m=0
=D (=1)"g" R [.F)B*
m=0
=Y (C)"[R" (g F))Bt
m=0
=f2 (lg" 1)
f/ 1% ([}—]Bk) .

where we used that higher direct image functors commute with flat base extension, see for exam-
ple [26, Proposition 111.9.3]. O

Theorem 3.12. Let f: X' — X and g : Y’ — Y be morphisms of schemes in Schy, and let f X g
be the product map X' xY' — X x Y.

(i) If both f and g are proper, then we have
(f X g)sox=xo(fiXgd).

(ii) If f and g are smooth morphisms of relative dimensions d and e, then the equality

(fxg)fox=xo(f" xg").

holds for maps
Ko[B, 87 (X xY) = Ko[B, B utase(X' x Y7).

Proof. Let F, F', G and G’ be coherent sheaves on X, X', Y and Y’ respectively.

(i) For the first part we will need the identity

R™"(fxglF ©G1= @ RLFRRg.G

i+j=m

derived in Result 6.8.7.1 from [23] part III. One can now write

(f x @)« ([F1B* x [¢18") = > _ (1) [R™(f x g).(F' R G}

vl

(-)™ > [RfF RRg.G)8H

i+j=m
=3 "> (-1 ([R'£.F1B" x [Rg.6']")
1=0 j=0
:<Z( 1)'[R f.F|3 ) (Z 1Rig.G"1B )
=0 7=0

:f*[}-l]ﬂk X 9*[gl]5l-
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(ii) Consider the following diagram

X' )Y —2 Y’
l \fjg N
pry

Xxy 22 o vy

X’ ; ‘Prl
\

X

Following the maps around this diagram, we find

(f x 9)*([FIB* x [9]8") =(f x 9)* ((FRG]*)

fxg)* (fpr; F @ prj G~

[(f x g)* (pr} F @ prj G)]gFHiHete

[(f x g)" pri F @ (f x g)* prj G]grtitite
[pr} f*F @ prh g*G|gttitare

[f*]_- X g* g]ﬁk-‘rl-‘rd-ﬁ-e.

(
(

Hence
(f x 9)*([F18* x [G18") = f*[F|8* x g7[g]5"

which concludes the proof.

37

O

Before examining the validity of the three geometric axioms we will look at the theory of Chern

classes in graded K-theory, as computed in [35].

Theorem 3.13. The first Chern class operators as defined in Definition 3.4 for the theory

Ko[B,871] for a line bundle L on any X € Schy, are given by

e1(L) : Ko[B, B u(X) = Ko[B, 8 w_1(X), ur (1= [LY]) B~ - .

Here we use the K*-module structure on K, to express the first Chern class operators in terms

of multiplication by classes of locally free sheaves.

Proof. Let us write L for the total space of the line bundle £. Consider the image s(X) of the
zero-section s. It is clear that s(X) is an effective divisor on L corresponding to the line bundle

7*L. This gives the following exact sequence
0— 7" LY = Oyx)— O — 0.
This gives on classes in K-theory:
[s.0x] = [Ox)] = [Or] + [7"LY].
If we push this identity forward to K-theory of X we get

[s*5.0x] = [Ox] + [L£Y]

since 7 o s equals the identity map on X. If we now tensor with any locally free sheaf M, which

is exact so well-defined on classes of coherent sheaves, we get
a(L)MIB = s*s, (IMIBF) = [s"s. MIB*1 = ([M] + [V @ M]) 85

So indeed
aLu=Q0-[L)B" - u.
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Using these Chern classes and Theorem 2.29 one can show that K-theory does indeed satisfy
the projective bundle property. First of all one can multiply the basis Op(i) for 0 < i < ¢ given in
Theorem 2.29 with the invertible Op(—¢q) to find that the classes of Op(7) for —g < ¢ < 0 also form
a basis. Now note that & (Op(1))! for 0 < i < q also form a basis as they arise from multiplying
the vector of basis vectors Op(i) for —g < i < 0 by an upper triangular matrix with only invertible
elements on the diagonal. For the other two axioms we have the following two results.

Theorem 3.14. The theory K,.[3, 37| satisfies the extended homotopy axiom of oriented Borel-
Moore homology theories.

The proof follows through the same steps of the proof for the extended homotopy axiom in the
Chow group, see Remark 3.6.4 in [35].

Now we address the statement of cellular decomposition. We will first prove that this graded
K-theory satisfies a stronger statement, similar to the traditional cellular decomposition in the
Chow group.

Theorem 3.15. Let X be a scheme which admits a filtration
P=XoCcX1C...CXp=X

such that X;\X;_1 has irreducible components U; o which are affine spaces A" . If the closures
Vi,a = Ui,o of all such components are smooth, then the map

P E.[8, 871 (Via) = Ka[B,871(X)

18 a surjection.

Proof. By the excision property of K-theory we have that for the closed subscheme X,oq — X
the graded groups K, |3, 37 !].(X) and K,[8, 37 !]«(Xea) are isomorphic, since the complement
is empty.
So we can assume that X is reduced and we proceed by Noetherian induction. So we can assume
that

@ Ko[ﬁv B_l]*(v;,a) — Ko [Ba 5_1]*(Xk71)

i<k—1

is surjective.
Write £, for the open inclusion Uy o — Vi o and consider the open and closed embeddings

Ve 3 X 12 Uy

For two points that map to the same element of X, we have that the three local rings of these
points are identical. So the higher Tor functors in the definition of transverse morphisms vanish
and so these morphisms are transverse. The fibre product is simply Uy, and note that ¢, and
ja are trivially a projective morphism, and a smooth and quasi-projective morphism. So we may
apply axiom (BM2) to the Cartesian square

UN,a UN,oz

This gives that
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This identity fits in the following diagram, where the exact rows follow from Theorem 2.26

K8, 871 (X 1) ——— K8, 871.(X) 225 K.[8,871].(I], Un.a) — 0

Diax

D KB, 8o (Xko1 N Viva) — D ElB, B (Via) 255 @ Ko, 514 (Una) — 0

«

Now any element of K,[3,37!].(X) maps to an element of @ K.[3, 37 ]+(Un.a), which comes
from @ K.[3, 87']+(Vn,o) in the lower row. When we map this element back to K[3, 371].(X)

we arrive at the element we started with modulo an element coming from K4[3, 37].«(Xk_1). So
the map

Ko[B, 87 (Xko1) & @D KalB. 87 (Vivia) = Ka[B, B71u(X)
is surjective and by induction we are done. O
From this result we can conclude the axiom (CD) for an oriented Borel-Moore homology theory.

Theorem 3.16. The graded K-theory K,|3,371] satisfies the cellular decomposition axiom from
Definition 3.4.

Proof. There is a general proof which shows that a functor which is an oriented Borel-Moore ho-
mology theory except possibly for (CD) axiom, but does have the classical decomposition property
as in Theorem 3.15, does necessarily have to satisfy this last axiom as well. This proof is similar
to that of Theorem 3.2 and can be found in [35, Lemma 5.2.10]. O

This gives us the following result.

Theorem 3.17. The theory K[3,371] with the defined pullbacks, pushforwards and product is
an oriented Borel-Moore homology. The formal group law is given by

Fr(u,v) = u+ v — pfuw.
So the formal group law is in fact periodic, and hence multiplicative.

Proof. We already checked all the necessary axioms. We only address the verification of the formal
group law. This follows directly from the fact, that

a(LeM)=(1-1[c" V]w—l
=(1- [cvn B
=1 =[BT+ (A= IMVD)BT = BT (1 = [£V] = IMY] + [£Y][MY])
=1 - [LDB T+ A= MY =B (- [V - (1= [MY])B7Y)
=C1(L) + &1(M) = fer(L)er(M).

This completes the proof. O

We will later see that these oriented Borel-Moore homology functors are not just any examples
of such theories. We will see that they are in fact the universal ones with their given formal group
laws.

3.3 Algebraic cobordism

We will now look at algebraic cobordism as defined by Levine and Morel in [35].
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Universal oriented Borel-Moore homology

We will later look at the definition, but first we will state the most important theorem on algebraic
cobordism.

Theorem 3.18 ([35, Theorem 7.1.3]). There exists an oriented Borel-Moore homology theory Q.
which is universal, in the sense that for other such homology theories A, there exists a unique
morphism of oriented Borel-Moore homology theories

19,4* : Q* — A*.
This oriented Borel-Moore homology theory is called algebraic cobordism.

Let M. (X) be the set of projective morphisms f : ¥ — X with Y € Smy, modulo isomor-
phisms over X. Give this set a monoid structure by disjoint union of the domains of the morphisms
and grade it by the dimension of the components of the domain. Let M, (X)T denote its graded
group completion. Now since any projective morphism f : Y — X with Y € Smy, gives an element
fela,(v) in Q,(X) denoted by [f : Y — X] € Q,(X), we get an obvious map M, (X)t — Q,(X).
Note that for any projective morphism j : X — W and object [f : ¥V — X] € Q.(X), the
pushforward is given by composing

JlY = X]=j.o filo. vy = (jo flla,v)y=liof: Y = W]
and that the class [X — X] is in fact the identity 1o (x) in Qo(X).
Theorem 3.19 (Lemma 2.5.11 in [35]). The map

M.(X)T = Q. (X)
is a homomorphism of graded groups and it is in fact surjective.

Hence algebraic cobordism is generated by projective morphisms over the space considered.

Algebraic cobordism over a point

As Q, is an oriented Borel-Moore homology theory, there must exist a morphism of graded groups
L. — Q.(k) which relates the Chern classes of products of line bundles to the Chern classes of
the respective line bundles. The coefficients of the associated formal group law for this universal
oriented Borel-Moore homology theory lie in algebraic cobordism over a point. This gives Q. (k)
a formal group law of rank one, and this pair is in fact the universal one.

Theorem 3.20 ([35, Theorem 4.3.7]]). The group homomorphism
L, — Q.(k)

belonging to the structure of the universal oriented Borel-Moore homology theory, is an isomor-
phism of graded groups.

A direct consequence is that the formal group law of any oriented Borel-Moore homology theory
A, is determined by the unique morphism 94, : 2. — A, over a point:

94, (k) : Ly = Q. (k) — A, (k).

Apparently algebraic cobordism over a point is interesting by itself. In the rational case we
can even give an explicit basis. To that end let us recall the following notion.

Definition 3.21. Let n be a fixed non-negative integer. A partition of size n is a multi-set of
positive integers, i.e. an object uniquely determined by its elements and their multiplicities, such
that the sum of the elements counted with their respective multiplicities is n. The set of all
partitions of size n is denoted by P,.

If X\ is a partition then the size of A is defined as the sum of its elements, and the length of the
partition () is the sum of the multiplicities of the distinct elements in A.
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For any partition A of n with elements A1,..., Ayn) we can define the following space over k
PA =P x .. x Py,

This defines an element [P* — Speck] in ,(k) and hence a map ¢ : P,, — Q,(k). By Theo-
rem 3.20 and Theorem A.4 we see that Q, (k) is a polynomial ring. The group homomorphism ¢
is injective, which is best expressed in the following manner.

Theorem 3.22 ([36, Corollary 3]). For any non-negative n we have
Q.(k)@Q= > QPY].

AEP,

So Q. (k) ® Q is a polynomial ring in the classes [P!] of degree . Note that we did not lose
any information by considering €. (k) as a Q-module instead of an abelian group, since there is
no torsion.

To express the class of any n-dimensional smooth projective k-scheme in this basis indexed by
P, we have the following theorem. It uses polynomials of degree n in n variables x4, ..., x, where
each z; is of degree i. The Q-vector space of these polynomials is denoted by C,.

Theorem 3.23 ([35, Remark 4.3.4]). The pairing of Q-vector spaces
p:Qk)@QxC, —Q
given by computing the Chern numbers of a space [X] € Qn(k)®Q and a polynomial O(z1, 22, ..., Ty) =

€1 .62

x{'xy? ...zl of graded degree n is well-defined. Symbolically we have

pl1X1.8) = [ Oer(T) ca(Tx) . enlT3)),

Furthermore, this pairing is non-degenerate. In particular, the class of any smooth projective
k-scheme in algebraic cobordism is uniquely determined by its Chern numbers.

Note that €, (k) ® Q and C,, do in fact have the same dimension as vector spaces over Q. We
have a bijection of basis elements, given by mapping any partition

A={1,...,1,2,....2, .. k... k..}
——— —— ——
Cc1 C2 Ck

to the polynomial z7*z5? ... x5 of graded degree n.

Specific formal group laws

Let R. be a graded ring with a formal group law, corresponding to a morphism L, — R.. Now
note that for any oriented Borel-Moore homology theory A, we get another such theory by taking
the tensor product of the graded L,-modules A, and R.. Note that the morphism defining the
formal group law factors through R,, by which we can control this group law. In particular we
can define an oriented Borel-Moore homology theory with any specified formal group law: let
S« C R, be the subring generated by the coefficients of the formal group law. Then any ring
homomorphism S, — T, will give T the formal group law coming from R.. Note that these natu-
ral rings associated to the additive and periodic formal group laws are Z and Z[3, 371] respectively.

We have actually already seen the universal oriented Borel-Moore homology theories with the
additive and the periodic formal group laws as proven in Theorem 7.1.4 in [35].

Theorem 3.24. The Chow group is the universal oriented Borel-Moore homology theory with an
additive formal group law.
So the natural morphism of oriented Borel-Moore homology theories

7 XL, O, — CH,.

is in fact an isomorphism.
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We have a similar result identifying graded K-theory as the universal oriented Borel-Moore
homology theory with a periodic formal group law, at least on an appropriate full subcategory of
Schk.

Theorem 3.25. The unique morphism
Z[B, 87 @1, Qu — Ko[B, 7.

of oriented Borel-Moore homology theories with a periodic formal group law is an isomorphism
over Smy,.

So for any oriented Borel-Moore homology theory A, on Smj with a periodic formal group
law, there exists a unique morphism

KB, 87 — A

of oriented Borel-Moore homology theories.

3.4 Oriented Borel-Moore functors of geometric type

Levine and Morel defined €2, in the first place as a less structured universal homology theory and
proved that it does in fact have the structure of an oriented Borel-Moore homology theory.

Oriented Borel-Moore functors with product

Let us consider Definition 2.1.11 from [35].

Definition 3.26. An oriented Borel-Moore functor with product A, on some admissible subcate-
gory V of Schy, consists of

(D1) an additive functor
A, : V' — Ab,, X = A (X);

(D2) a homomorphism of graded groups
J*AX) < AuralY)

for any smooth morphism f:Y — X in V of relative dimension d;

(D3) a homomorphism of graded abelian groups
&(L): Au(X) = Au1(X)

for every line bundle £ over X € V;

(D4) an associative commutative unital bilinear graded pairing
A (X))@ Au(Y) = A(X XY)
(u,v) » uxv

for each two spaces X and Y in V. The unit element is denoted by 1 € Ag(Speck).

The following conditions are required to hold:

(A1) For smooth morphisms g: Z — Y and f:Y — X in V of pure relative dimension d and e,
we have

(fog)"=f"0g": Au(X) = Asiare(X).
In addition Idx™ = IdA*(X).
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(A2)

(A5)

(A6)

(A7)

(A8)

For a projective f : X — Z and a smooth morphism ¢ : Y — Z which are transverse in V
we get the Cartesian square

Xx,V -2 5 X
£ !

y —% 7

in which f’ is projective and ¢’ is smooth, since projective and smooth morphisms are stable
under base extension. We have equality of the following maps

! %

g fe=fg"

Consider a projective morphism f : Y — X in V. Then we have for all line bundles £ over
X that

fx oél(f*ﬁ) = El(£) o fu.

Consider a smooth morphism f:Y — X in V of pure relative dimension. Then we have for
all line bundles £ over X that

a(f*L)o f* = froar(f7L).

The Chern class operators depend only on the isomorphism class of the line bundle and
commute. So for two line bundles £ and M on X we have

Al’ld if L= M then El(ﬁ) = 51(./\/1)

For two projective morphisms f and g in V
x o (fux go) =(fxg)eox.
For two smooth morphisms f and g in V of pure relative dimension
X0 (f* % g%) = (f x g)" o .
Let X and Y be in V and pick a € A.(X), 8 € A.(Y) and a line bundle £ on X. Then

a(L)(a) x B = (p1L)(a x B).

It is clear that any oriented Borel-Moore homology theory on V defines an oriented Borel-
Moore functor with product on V. Note that we saw a few of these properties for the Chow group
in Chapter 2.

Oriented Borel-Moore functors of geometric type

Unlike for oriented Borel-Moore homology theories, Chern classes of oriented Borel-Moore functors
with product need not be governed by a formal group law. To guarantee this structure we need
one more axiom.

Definition 3.27 ([35, Definition 2.1.12]). Let R. be a graded ring. An oriented Borel-Moore
R.-functor is an oriented Borel-Moore functor with product together with a graded ring homo-
morphism

R, — A, (k).
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We will in particular be interested in L.-functors, since this gives a formal group law F4 €
A, (k)[[u,v]]. The following definition [35, Definition 2.2.1] makes sure that this group law does
what we want it to and reflects some geometric properties.

Definition 3.28. An oriented Borel-Moore functor of geometric type is an oriented Borel-Moore
L,-functor which satisfies the following three axioms.

(Dim) For any Y € Smy, and a family (Lq,...,£L,) of line bundles on Y with n > dim(Y"), it holds
that
&1(,61) 0...0 &l(ﬁn) =0¢€ A*(Y)

(Sect) Let Y € Smy have a line bundle £ with a section s transverse to the zero-section and let
i: Z — Y be the immersion of the closed zero-subscheme of s. Then we have

QL) (1y) = in(1z).
(FGL) For two line bundles £ and M over the same smooth base Y, we have
Fa(ei1(L),e1(M))(1y) =& (L@ M)(1ly) € A(Y).

Note that the axiom (FGL) is generalisation of Grothendieck’s axiom that Pic(X) — A;(X)
is a group homomorphism in [21].

As before a morphism of two theories is a natural transformation of the underlying functors,
which respects the pullbacks and Chern class operators.

As announced these functors generalise the previously defined homology theories.

Theorem 3.29 (Theorem 4.1.10, Theorem 5.2.6 in [35]). Ewvery oriented Borel-Moore homology
theory on V defines an oriented Borel-Moore functor of geometric type.

So as before we have two interesting examples. The Chow group and the graded K-theory are
examples of oriented Borel-Moore functors of geometric type on Schi. The formal group laws are
the same as for these theories as oriented Borel-Moore homology theories.

Universal oriented Borel-Moore functor of geometric type

Now we can construct the universal oriented Borel-Moore functor of geometric type as done in
Section 2.4 in [35].

Definition 3.30. For any X € V let C,(X) the free abelian group generated by ordered sequences
of the form
(f: Y =X, Lq,..., L))

with f a projective morphism, Y € Smy, irreducible over k, and £; line bundles over Y. We identify
these elements if the morphisms are isomorphic over X, and the line bundles are isomorphic via this
isomorphism or simply a reordering. These elements modulo these conditions are called cobordism
cycles. The grading is given by dimg(Y) — r. We define Q,(X) as the quotient of C,(X) by the
subgroup generated by the following two relations.

(i) For any smooth equi-dimensional morphism 7 : Z — Y and line bundles My,..., M  on Z
with s > dimy Z and any line bundles £4,...,£, on Y we have

(f:Y > X, 7m"My),...,7"(Ms),L1,..., L) =0.

(ii) For any cobordism cycle (f : Y — X, L4,...,L,) over X, and section s : Y — L of a line
bundle with corresponding divisor ¢ : D — Y we have

(f:Y=>X,Ly,..., L, L)=(foi:D— X,i"Lq,...,i"L,).
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The graded group 2, is called algebraic pre-cobordism.

A theory of pushforwards and Chern classes on algebraic pre-cobordism is easily constructed
as follows.

Definition 3.31. For any projective morphism g : X — X’ we define a map g, :
on generators as

(X) = 2,(X")

*

g (f:Y = X Ly,...,L.)=(gof:Y = X' Lq,...,L.).
For any line bundle £ on X we get a map ¢ (£) : Q,(X) — ©,_;(X) on cobordism cycles as
aL)(f:Y > X, Ly, . L) =(f:Y = X, Lq,..., L, fL).
These definitions are easily checked to be well-defined. They also give us the following result.
Lemma 3.32. Algebraic pre-cobordism satisfies the azioms (Dim) and (Sect).

To construct a theory which also satisfies (FGL) we need to make sure a formal group law
exists, which we can do by the following construction.

Definition 3.33. Define (), as the quotient of ), ®7 L, by the subgroup generated by all relations
L (L), ee(M)(f:Y = X . Ly,..., L) = (LIM)(f:Y = X, Ly,..., L)

Here Fi, is the formal group law on @, ®z L, given by the obvious map L, — Q, ®z L,.
This construction immediately implies the following result.

Theorem 3.34. Let A, be any oriented Borel-Moore functor of geometric type. There is a unique
morphism
Q. — A,

so §, is the universal oriented Borel-Moore functor of geometric type.

We would like to consider €2, also as an oriented Borel-Moore homology theory, so in particular
we would need to define pullbacks for all l.c.i. morphisms. This takes the better part of [35] and
follows the construction of the Chow group in [18].

Theorem 3.35 (Theorem 4.1.11, Theorem 7.1.1 in [35]). With the underlying structure of pro-
jective pushforwards, smooth pullbacks and first Chern class operators, there is only one structure
for Q. which makes it into an oriented Borel-Moore homology theory.

Viewed as such, Q) is the universal homology theory described in Theorem 3.18.

3.5 Oriented cohomology theories

Instead of considering homology theories one would like to study cohomology theories similar to
the one presented in Section 1.5. The following cohomology theory is a direct algebraic analogue
of the axioms in [46] which define complex oriented cobordism as the universal theory satisfying
some axioms, expressing the functorial and geometric nature of the theory.

Definition 3.36 ([35, Definition 1.1.2]). An oriented cohomology theory consists of

(D1) an additive functor
A" :Sm” — R".

(D2) a homomorphism of graded A*(X)-modules
fo i A(Y) = A*H(X)

for any projective morphism f : Y — X of relative codimension d. The A*(X)-module
structure on A*(Y') is given by the homomorphism f*: A*(X) — A*(Y).



46 CHAPTER 3. ALGEBRAIC COBORDISM

The following four axioms must be satisfied.

(A1) For two composable projective morphisms g : Z — Y en f: Y — X in V of pure relative
dimension respectively d and e we have

(fog)s =geo fu: A(X) » A™FHE(X).
In addition Idx, = IdA*(X).

(A2) For a smooth f : X — Z of relative dimension d and a morphism g : Y — Z which are
transverse in V we get the Cartesian square

’

Xx,V -2 o Xx

f ‘f
y —L— 7z
We have equality of the following maps

g*f — /gl*

(PB) Consider some X € Smy, with £ some rank ¢ 4+ 1 vector bundle. Let O(1) — P(£) be the
canonical bundle on P(€) with zero-section s : P(€) — O(1). Using the multiplicative unit
1 € A%(P(€)) we can define an element & € AY(P(E)) by € = s*s.(1). Then A*(P(£)) is a
free A*(X)-module with basis 1,£,£2,..., &%

(EH) For any vector bundle £ of rank r over X € V, and any E-torsor p : V' — X, we have an
isomorphism
p* i ATN(X) = A% (V).

Note that axiom (D2) is simply the projection formula we saw in Lemma 2.19 for the Chow

ring and in Lemma 2.28 for sheaves and K-theory.

Consider a homology theory A, with smooth pullbacks and projective pushforwards. Note
that for schemes X of pure dimension n we can define a graded group by A*(X) = A, _.(X) by
inverting the grading on the given graded group. If X is smooth we can extend this definition by
applying this definition to all connected components and taking the direct sum. It is easily seen
that the exterior product translates to a similar structure on A*. Now for any homomorphism of
A (X) = A q(Y) for X and Y of dimensions n and m we get a corresponding morphism

A*(X) — Artmon=d(y)),

In particular for any l.c.i. morphism f : X — Y in an oriented Borel-Moore homology theory, we
get a graded group homomorphism

fe it AY(X) = AY(Y).
We also get a graded group homomorphism which increases the degree by d
frAY(X) = AH(Y)

for a projective morphism of relative dimension d.
It is important to note that the diagonal embedding § : X — X x X is a regular embedding as
X is smooth. If we compose the pullback of this map with the exterior product we get a product

A (X)® A*(X) = A"(X x X) 5 A*(X),
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which gives A*(X) the structure of a graded ring.

That each cohomology theory gives a homology theory by the inverse process is obvious. The
question is how much of the additional structure of the respective homology and cohomology is
preserved under this correspondence. That question is answered by the following theorem.

Theorem 3.37 (Theorem 5.2.1 in [35]). The above correspondence is an equivalence of the cate-
gory of oriented Borel-Moore homology theories on Smy. and the category of oriented cohomology
theories on Smy,.
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Chapter 4

Algebraic cobordism by double
point relations

The construction given in Chapter 3 for algebraic cobordism is heavily involved and lacks the
geometric description of its topological counterpart. Although a naive form of cobordantness does
hold in ., these relations do not satisfy to define the theory.

The article [36] solves this problem by providing a geometric definition for an oriented Borel-
Moore functor of geometric type w,. After proving that w, = €, as oriented Borel-Moore L,-
functors, Levine and Pandharipande conclude that w, is the universal such theory and has a unique
structure of an oriented Borel-Moore homology theory.

4.1 Naive cobordism theory

Mimicking the definition of cobordisms in topology one may be interested in the fibres of a mor-
phism W — P! x X — P!. Obviously these fibres W¢ for ¢ € P! define classes [W; — X] € Q. (X).
One might wonder if these classes are invariant under choice of the fibre. This is examined in Sec-
tion 2.3 of [35].

Definition 4.1. Let f : W — P! x X be a projective morphism with both W and X in Smy,
such that f is transverse, in the sense of Definition 3.3, to the inclusions {0,000} x X — P! x X.

Such an f is called a geometric cobordism. Two fibres of a geometric cobordism are called naively
algebraically cobordant.

Let us first show that naively algebraically cobordant spaces over X define the same class in
Q.(X).

Theorem 4.2 ([35, Lemma 2.3.3]). Let f : W — P! x X be a geometric cobordism and let
fo:Wo = X and foo : Woo — X be the fibres of the composition W — P! x X — P! over 0 and
oo. Then the equality

Wy = X] = [We — X]

holds in Q.(X).

Proof. Clearly the maps ig : Wy — W and iy : We — W are the inclusions of zero-subschemes
of sections of (pry of)*Op1. Hence by (Sect) we get

[io Wo — W] = Z.O*lQ*(W) = ((pr2 Of)*O[Pl) = loo*lﬂ*(W) = [Zoo Wo — W] O

So one might attempt to examine the quotient of M(X) by the subgroup generated by all the
elements [Wy — X] — [W,, — X] for naively algebraically cobordant pairs Wy and W,. Let us
call this quotient Q"8V¢(X), where the grading is given as before which is respected by geometric
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cobordism relations. In general the relations given by the geometric cobordisms are not enough
and Q8¢ is not equal to (2, not even over an algebraically closed point as shown in [35] in
Remark 1.2.9. Levine and Morel show that two curves over k in Q¥#V¢(X) are equivalent if and
only if they have the same genus and number of connected components. However Q4 (k) =L, =Z
is generated by the class of P!. Indeed, by Theorem 3.23 we have that an irreducible curve C of
genus g must be in the class [C] = (1 — g)[P!], as all relevant Chern numbers agree. This is clearly
impossible in Q}2ive(X).

4.2 Double point relations

We will now give a correct geometric definition for algebraic cobordism. All the definitions, state-
ments and proofs in this section come from Levine and Pandharipande [36].

As before we will work with M(X) which is the set of isomorphism classes of projective
morphisms f : Y — X over X with YV irreducible. Clearly this is a monoid under the disjoint
union of domains, so let M(X)" be its group completion. It is clear that M(X)" is the free
abelian group on isomorphism classes of projective morphisms f : Y — X for Y irreducible. The
image of such a map in M(X)" is denoted by [f : Y — X]. By this construction we can define
a grading on M(X)* by letting M,,(X)* be the subgroup generated by morphisms [f : Y — X]
with Y irreducible and of dimension n.

Definition 4.3. For Y € Smy, of pure dimension we say that a morphism
7:Y > P!

is a double point degeneration over ¢ € P! if
=) =A]]B
D

for two smooth divisors A and B which intersect transversely at D = AN B called the double point
locus of T over ¢ € P!,

Whenever we have a double point degeneration we get some interesting bundles on the double
point locus. Using the normal bundles Ny/p and Ng,p of D in respectively A and B, we get
bundles Op ® NA/D and Op & NB/D on D. Since A + B is rationally equivalent to any other
divisor 771¢, not meeting D we see that Oy (A + B) restricted to D is trivial. This implies that

Nasp @ Ngyp = 0a(D)|p @ Op(D)|p = (Oy(B) © Oy(4)) |p = Op,

where we used that A and B intersect transversely in the penultimate equivalence. Now we get an
isomorphism of bundles: (Op®N4,p)@Np/p = Np/p@®Op. Hence Op BN, /p and Op ®Np,p
have isomorphic associated projective bundles

P(Op @NA/D) and P(Op EBNB/D)
over D. We will write P(7) — D for the isomorphism class of these bundles.
Definition 4.4. For any Y € Smy of pure dimension and every projective morphism

7Y =5 X x P!

such that the composition
oY =5 X x P! 5 P!

is a double point degeneration over 0 € P!, we define the associated double point relation over X
by
Ye = X|+ [P(m2)] — [A = X] - [B = X].
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Here P(m3), A and B are given by the double point degeneration and Y¢ is 7, *(¢) for any regular
value ¢ of P. We define R(X) C M. (X)™ as the subgroup generated by all double point relations.
Since all double point relations are homogeneous we get a grading on this subgroup R.(X).

Clearly the relation does not only depend on w. There is also the choice of the ¢, but modulo
double point relations, any such choice is equivalent.

Lemma 4.5. Let Y € Smy, be of pure dimension and
T:Y - X x P!
a projective morphism, such that Ty = pyom:Y — P! is smooth over 0 and co € P'. Then
[Yo = X] — [Yoo — X] € Ru(X).

Proof. By definition with A = Xy and B = ) the morphism 5 is a double point degeneration
over 0 € P!. The associated double point relation is exactly

[Yo = X] — [Yoo — X] € Ru(X). O

This implies that [Yy — X] = [Yo, — X] in M. (X)T/R.(X). We saw that this property holds
in Q,(X) in Theorem 4.2. This is not a coincidence, so let us examine M, (X)*/R.(X).

Definition 4.6. Define double point cobordism theory as
Wi (X) = M (X)T/R.(X).
The grading comes from the grading on M, (X)™, which is respected by double point relations.
Now comes the main result of [36].

Theorem 4.7. The graded groups w.(X) = Q.(X) are naturally isomorphic as oriented Borel-
Moore homology theories.

We will outline the proof. For this we will need some relations in €, given in [35]. These
relations are associated to a strict normal crossing divisor, using the coefficients of the formal
group law. We will only require the case of a strict normal crossing divisor of degree 2, for which
we will need the formal power series F1'1 € Q. (k)[[u, v]] given by

1,1 _ -1 j—1
FY u,0) = Y agjut =7,
i1

if Flu,v) =utv+32, 5, a; ju'v? € Q. (k)[[u,v]] is the formal group law of €.

Definition 4.8. Let F; and F; be two smooth transverse intersecting divisors on ¥ € Smy.
Define the sum EF = E; + E5 and the inclusion of the intersection ¢p : D — Y. Then we can
define an element for E in Q.(Y) by

[E—=Y]:=[E1 =>Y]|+[E2—=Y]+ip« (FU(El(OD(El)), c1(Op(E2)))(1p))
where Op(E;) denotes the restriction of Oy (E;) to D.
This class depends only on the divisor class of E.

Theorem 4.9. Let E be the divisor as above on a' Y € Smy,. Then we have that
[E—Y]=2¢(0y(E)(1ly).
In particular, if F' is a smooth divisor which is linear equivalent to E, then we have

[E—-Y]=[F—-Y].
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This theorem is the basis for many properties and theorems concerning algebraic cobordism.
Its proof can be found at the end of Section 3.1 in [35].

Proof of Theorem 4.7. w.(X) — Q. (X):
We will first find a map w,.(X) — Q.(X) of graded groups. We have the map

M(X)T = Q(X)

given in Theorem 3.19. We will prove that R.(X) maps to zero, i.e. Q. respects double point
relations.

So let Y — X x P! be a double point degeneration of X, with fibres A + B over 0 and Y over
¢ € P!. Then the previous theorem gives us

[A=Y]+[B = Y] +ip. (F"'(&1(Op(4)).&(0p(B)))(1p)) = [Ye = Y].
Pushing forward to X by ¥ — X x P! — X shows that it is enough to prove that

[A = X]+[B = X] + jp. (F"1(&1(Op(4)),&(0p(B)))(1p)) = [Y¢ — X]
where jp is the composition D — Y — X. So we want to show that

o« (F11(¢1(Op(4)),6(0p(B))(1p)) + [P(Op & Nayp) — X] =0.
We will prove the more general result
F11(e1(0p(4)),&(0p(B)))(1p) + [P(Op ® Nayp) — D] = 0.
Let us write P for P(Op @ Na,p). Now consider the surjection
Op ®Na/p = Na/p-

This gives us a closed embedding s : D = P(Ny,p) = P =P(Op ® Na,p), since Ny p is locally
free. Obviously s is a section of the projection map Pp — D. Denote the image of s by D as well,
now the normal bundle of D in P is Ny p.

We will look at the deformation to the normal cone of s : D — P. This space W is the blow up

of D x 0in P x P!. It comes with a map W — P!, such that over all points ¢ in P*\{0} the fibre
W¢ is simply P. However, above 0 € P!, the fibre W consists of the blow up of P in D and of
P=P(Op © Npp) =P(Op © Np,a). However, the blow up of P in D is simply P and P — D is
given by the projection Op ® Np/p — Np/p.

Now Theorem 4.9 gives that

[Woo = W] = [Wo = W] = [P = W]+ [P W] + ip, (F*'@(Op(P)),&(0n(B)(10)) -
If we push forward via the morphism
p:W=PxP' P23 D
we see that Wa, P and P are all isomorphic as D-schemes. So we get
[P = D] = [P = D] + [P D] + psin. (F41(@(Op(B)), &1 (Op(B)(1p)) -
Clearly i o p = Idp, so
puin. (F*(@(Op(P), &1 (Op(B)(1p)) = F* (@1 (Op(P), &1(On (B)) (1p).

Clearly Ow (P) restricts to Np/p on D and similar to Op(A4) ® Op(B) = Npja @ Np,p = Op
we have Op(P) ® Op(P) = Op. So we even get

Op(P) = Op(P)Y = Op(A)Y = Op(B).
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Now we conclude
F11(1(0p(4)),é(0p(B)))(1p) + [P(Op @ Nayp) — D] =0
and the map M (X)T — Q,(X) descends to a surjective map
V(X) : w(X) = 0 (X)
mapping [f:Y — X]¥ to [f: Y — X]? = f.1y.

D (X) = wie(X):
Now we construct a morphism in the other direction which will be an inverse for v. In [36] Levine
and Pandharipande prove that w, allows for the structure of smooth pullbacks, first Chern classes
and a formal group law making it an oriented Borel-Moore functor of geometric type. So by
Theorem 3.18 we get a functor of oriented Borel-Moore L,-functors

9 Qy — w.
This morphism satisfies
OX) ([f Y = X]?) =9(X) (FI19) = 2 (0(X)1) = f2% = [f 1Y = X]%,

where we used superscripts to denote the theory in which we are considering a basis element,
pullback or identity. So ¥ o v = Id,, and v(X) is surjective for all X € Schy and we have the
isomorphism of oriented Borel-Moore functors of geometric type

wy = Q. ]

This immediately gives that all the results in section 3 for the algebraically constructed theory
Q., also hold for this geometric theory.

4.3 Algebraic cobordism with vector bundles

Many variations have been made on cobordism theories in algebraic topology. We saw a few of
them in Chapter 1. Another such theory was used by Atiyah and Singer in 1963 for their proof
of the Atiyah-Singer index theorem [3]. They considered cobordism classes of compact smooth
oriented manifolds together with a given vector bundle.

A similar theory of spaces with vector bundles can be defined in algebraic geometry, as done
in [34] or even [38]. In the first case we directly get the analogue of the theory used by Atiyah
and Singer. The definition of this theory follows quite naturally from the definition of algebraic
cobordism in terms of double point relations.

Definition 4.10. Let M, .(X) be the set of pairs (f : Y — X, &) consisting of a projective map
f between X € Schy and Y € Smy, and € a vector bundle on Y of rank r, up to isomorphism.
Like M, (X) the set M,, (X)) has an obvious monoid structure given by taking the disjoint unions
of the domains of the projective morphisms. The bundle of the sum will be the two bundles of
the terms on the respective components.

The group completion of M,, (X) is denoted by /\/lfw, and the image of (f : ¥V — X,&) by
[f:Y—= X ¢&.

The double point relations of spaces over X translate directly to the double point relation of
spaces with bundles over X.

Definition 4.11. Let Y € Smy, be of pure dimension n + 1 and £ be a rank r vector bundle on
Y. Then any projective map g : Y — X x P! such that the map

7Y 5 Y xP - P!
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is a double point degeneration over some ¢ € P!, gives an element
[f : }/C — X7€Y<] - [f tA— X75A] - [f :B— X7£B] + [f : P(?T) - X?‘S]P’(Tr)}

of M;f (X). Here A, B, P(r) and Y are the known spaces related to the double point degeneration
and £z denotes the pullback of the bundle £ over the obvious maps Z — Y.
The set of all these relations is denoted by R, ,(X) € M} .

As before this gives an interesting theory [34].

Definition 4.12. Algebraic cobordism with bundles for an X € Schy, is defined by
Wnr(X) = My (X)/Rpr(X).
Obviously

W (X) = P wnr(X)
n=0

coincides with w,(X) for r = 0. If X = Speck the known Q-basis for w,, o(X) given by products
of projective spaces extends to a similar basis for wy, .(X) by considering specific bundles on these
spaces. Basis elements are most easily expressed by a correspondence with special bijections.

Definition 4.13. Consider pairs (A, 1) such that
(i) A is a partition of n;
(ii) p is a subpartition of A of length £(u) < r.

Such a pair is called a partition of size n and of type r. Let P, , denote the set of all partitions
of size n and type r.

Each partition (), i) of size n and type 7 gives an element of w,, ,.(k) as follows: let P* denote
the product of projective spaces over k with dimensions exactly the parts of A. So

P = PM x ... x PO,

Now for every part m of the subpartition p we can define a line bundle £,, on P* by pulling
back Opm (1) via the projection on the correct factor. For the other factors which are not in the
subpartition we can take the pullback of structure sheaf. So we have a map

¢ : Pn,r — wn,’r‘(k)

by taking the direct sum of the above line bundles, written symbolically as

(Ap) = [P O™ @ ) L],

mep
These elements are in fact the ones we were looking for.

Theorem 4.14 ([34, Theorem 1]). The elements ¢(\, p) for all (A, ) € Ppr form a basis for
wn,r(k) ® Q as a Q-vector space.

In general w, »(X) has more natural structure. For example, it has the structure of an w, (k)-
module, given on generators by

[W — Speck] - [Y =» X, &] =[W xY — X, pr; &]

where pry : W x Y — Y is the projection. Over this ring there is an even simpler basis if
X = Speck.
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Theorem 4.15 ([34, Theorem 2]). The graded group w. (k) is a free w.(k)-module. A basis is
given by d(\, A) for all partitions \ with £(X) < r.

Algebraic cobordism with bundles over any space X is well understood in terms of algebraic
cobordism w, (X) and algebraic cobordism with bundles over a point w, (k) as shown by the next
theorem [34, Theorem 3].

Theorem 4.16. Algebraic cobordism with bundles is, as a w.(k)-module, ordinary algebraic cobor-
dism extended by the scalars of algebraic cobordism with bundles over a point, i.e. for any X € Schy

We,r (X)) = wa(X) @y, (k) W, ().
An isomorphism is given on basis elements by

[f:Y > X]®@¢(A\A) = [fopry : Y x P! = X,0"" N & (P pr} £,,]

meX
where pr; denote the projections from Y x P to the respective factors.

It is also shown in [36] that the classes of algebraic cobordism with bundles over k are still
uniquely determined by Chern numbers as in Theorem 3.23.

We will need the Q-vector space of polynomials of degree n in the variables x1,...,x, and
Y1,-..,Yr, where z; and y; are of degree <. We will write C, , for this vector space. One can
identify monomials in C,, , with Chern numbers of the tangent sheaf Tx and the vector bundle &£
for a class [X,&] € wy, (k) by letting x; be the ith Chern class of the tangent bundle Tx and y;
the ith Chern class of the vector bundle £. Note that if X is of dimension n and £ has rank 7,
then these are precisely the interesting Chern numbers for X and €. In Theorem 4 in [34] it is
shown that these numbers uniquely determine the cobordism class.

Theorem 4.17. The pairing
wn,r(k) ® Q X Cn,r — Q

defined by evaluating each monomial as the Chern number on each class [X,E] is well-defined.
The pairing is also non-degenerate. So each class [X,E] is uniquely determined by the combined
Chern classes of Tx and £.

An easy combinatorial argument similar to the one in 3.3 shows that the number of basis
element of wy 1 ® Q given in Theorem 4.14 is equal to the dimension of C, . Just map

el en, f1 fr
ity ey

to the element of P, , where ¢ occurs e; + f; in the partition and f; times in the subpartition.
Here we take f; =0 for ¢ > r.

In the next chapter we will make use of this theorem in the specific case of surfaces with a line
bundle. For completeness we will state the explicit basis elements of ws ;.

Corollary 4.18. The Q-vector space wa 1 @ Q is four-dimensional. A class [S, L] of a surface S
with a line bundle L is uniquely determined by the following four Chern numbers:

ci(L)?, c(L)er(Ts), c(Ts)*  and  caTs).

One could also use the line bundle and the dual of the tangent sheaf, in which case only
c1(L)e1(Ts) changes by a sign. The dual of Tg is the locally free sheaf of rank 2 of differential
forms which we will denote by Kg.

Sometimes we will simply identify a locally free sheaf with its first Chern class and write £2,
LKg and K2 for ¢1(L£)?, ¢1(L)c1(Ks) and ¢1(Kg)?.
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Chapter 5

Applications of algebraic
cobordism to nodal curves

Because the class of a k-scheme in rational algebraic cobordism is uniquely determined by Chern
classes, see Corollary 4.18, this theory seems well suited for applications in enumerative geometry.
One such application is the proof by Tzeng in [61] of a conjecture of Géttsche [20] about nodal
curves on surfaces. Nodal curves are one-dimensional schemes with only nodes as singularities.
These curves are of special interest as every smooth curve is isomorphic to the normalization
of a nodal plane curve [26, Corollary IV.3.11]. Important results on these kind of curves were
already obtained by Steiner, Cayley and Roberts ([57], [7], [50]) in the 19th century. Enriques
and Severi were able to put these results in to context in [14] and [54] by defining a projective
scheme parametrizing all curves in the plane of a fixed degree and number of nodes. This scheme
comes with an embedding into a projective space and its degree is a way of counting nodal plane
curves. Ran [47], [48] obtained some interesting results for special cases of degree and number of
nodes. In [25] Harris and Pandharipande were able to compute these degrees for up to three nodes
and in [6] Caporaso and Harris found a way to compute all these degrees by use of a recursive
formula. In 1994 Di Francesco and Itzykson [11] conjectured that these numbers of curves are in
fact polynomials in the degree of the plane curves in consideration. Vainsencher [62] confirmed his
conjecture up to six nodes and even generalised this conjecture to the counting of nodal curves on
arbitrary surfaces. His results were extended by Kleiman and Piene [29] to seven and eight nodes.
Fomin and Mikhalkin were able to prove the conjecture for the projective plane in 2009 [15]. A
proof for the general case was found by Tzeng [61] using algebraic cobordism and an approach via
Hilbert scheme of points as suggested by Gottsche [20].

5.1 Nodal plane curves

We will first look at nodal curves in the projective plane P2. So let us first recall some facts about
general plane curves. For more information on plane curves and nodal curves one can consult
Fulton [16], [17], which are the main source for this section.

Each plane curve defines an effective divisor on P? and so corresponds to an invertible sheaf
on the projective plane with a non-zero global section. Since each line bundle on P? is of the
form O(d) for some d € Z, we see that each plane curve is the zero-subscheme of a homogeneous
polynomial in three variables of degree d. We can define the degree of a curve as this d > 0.

So we can write each plane curve by an equation

Y. aigX'Y'Zh=0
itj+k=d

with not all coeflicients equal to zero. So the (dgl)—tuple (@i ) defines a curve and these equa-
tions form a (d;Q)—dimensional vector space without the origin. It is clear that scaled tuples

o7
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define the same curve, so we get a bijection between plane curves of degree d and closed points in
d(d+3)

P(I'(P2,0(d))) 2P~ 2 . This projective space of global sections of a line bundle £ is called the
linear system of £ and denoted by |L|.

Now consider a point P on a curve C of degree d defined by F(X,Y,Z) = 0, without loss of
generality we can assume that this point is [0 : 0 : 1]. On the affine plane defined by Z # 0 the
curve is given by f(z,y) = F(z,y,1) = 0. Let us write f as the sum of its homogeneous parts

f:fc+fc+1+...+fd

with f. # 0. Since we are working over C we can factor f. into the product of ¢ linear functions
in x and y:
fe=1l1-... ..

Each linear equation I; describes a line through P and these lines are called the tangents of C' at
P.

If C is smooth at P then ¢ will equal 1 and there is exactly one tangent. However, if P is
a singular point then we must have that ¢ > 1 and there are more tangents, which could even
coincide. Note that this also shows that a curve given by F(X,Y, Z) is singular at P precisely if

the derivatives
dFF  dF J dF

ax' dav " dz
vanish at P.
Let us look at the examples of plane curves in Figure 5.1. The curve on the left is of degree 1
and is simply a line. It is clear that this curve is smooth at all points. A quick calculation shows
that the curve on the right is also smooth.

/

(a) A degree 1 curve defined by (b) A degree 3 curve defined by
X+5Z-5Y =0 ZY? - X +2X27% —47° =0

Figure 5.1: Examples of plane curves

Now let us look at the two examples of singular curves in Figure 5.2. The first has a singularity
at the origin where it has two tangents in the definition we gave above. These tangents even
coincide. The second curve has three distinct tangents at the origin and hence is indeed a singular
curve.

So the best thing that could happen in a singular point, is that there are two tangents which
are distinct.

Definition 5.1. A point on a curve is called a node if the curve has two distinct tangents at this
point. A curve whose only singularities are nodes is called a nodal curve.

Two examples of nodal curves are shown in Figure 5.3.
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y y
—_ ) X
(a) A degree 3 curve defined by (b) A degree 4 curve defined by
ZX?-Y*=0 (X24+Y?)2 - ZX* +3XY?Z =0

Figure 5.2: Examples of singular plane curves

/

(a) A nodal curve of degree 2 (b) A nodal curve of degree 3

Figure 5.3: Examples of nodal plane curves
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5.2 Severi varieties
One way to study nodal plane curves is by examining the Severi variety.

Definition 5.2. Let V; 5 denote the Zariski closure of the points in P corresponding to nodal
plane curves of degree d with exactly § nodes. This closed set in its reduced scheme structure is
called the Severi variety of type d, 0.

Let us examine the Severi variety for small d. The linear system of degree 1 curves is isomor-
phic to P2. The dimension reflects that there is a unique line through two general points on the
plane. In this case all curves are smooth, so we have V; o = P? and V; 5 is empty for all § > 1.

We will now look at the conics, so d = 2. A degree 2 curve is either a smooth conic or an
intersecting pair of lines. So the Severi variety is empty for § > 1. Let us write the equation

G(X,Y,Z)= AX?+BXY +CXZ +DY*+ EYZ + FZ?

of a conic. It is smooth if and only if the derivative

dF
W 9AX +BY + 07
= +BY +C
dF

¥ _BX +2pY + B2
ay e

dF

W _ox +EY +2F7
S =CX+EY +

are not all zero in a point on the curve. We know that if such a point does exist then

24 B C
det| B 2D E |=o0. (5.1)
cC E 2F

On the other hand, if 2AX + BY +CZ, BX +2DY + EZ and CX + EY +2FZ are all zero then
2G(X,)Y,Z)=(2AX +BY +CZ)X + (BX +2DY + EZ)Y + (CX + EY +2F2Z)Z

is also zero. So Vs is determined by a single equation in P° and hence has dimension 4. This
proves that the general curve in P5 is smooth, so dim Vs o = 5.

One can show that the V4 ¢ equals the P as we will see in Theorem 5.3, which means that
the general curve of degree d is smooth. So in particular for d = 3 we find V3o = P?. We can
also see that the maximal number of nodes occurs if the curve consists of 3 lines, in which case we
have 3 nodes. We can also have two nodes if the curve is the union of a line and a conic, and one
node if it is an irreducible nodal cubic curve such as in Figure 5.3b. Since an irreducible nodal
curve of degree 3 cannot have more than (d_l)zﬁ = 1 node this completely describes the cubic
nodal curves. Here we use that the genus, which is non-negative, of a nodal plane curve of degree
d with § nodes is equal to

(d—1)(d-2) s
2
see for example Proposition 8.3.5 in [16].

For § = 3 we have to select three lines, each of which comes from a two-dimensional space.
So the dimension of V3 3 equals 6. For two nodes we need to choose a general line and conic, so
dim Vs 5 equals 2 4+ 5 = 7. We already stated that the dimension of the Severi variety of type 3,0
is 9 and hence equals the entire space of curves of degree 3, so V3 ; is a proper closed subset of
PY and its dimension is strictly less than 9. One would expect this dimension to be 8 and this is
indeed the case as proven by Severi in 1921 [54].
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dl)

Theorem 5.3. The Severi variety of type d,d is non-empty for 0 < § < and has codimen-

ston 0.

This also shows that there are nodal curves with all expected number of nodes and it proves
the claim that a general degree d curve is smooth.

Now note that in general the Severi variety is not irreducible: fix the degree d and the number
of nodes §. Now for any positive integers d; such that > d; = d and Zi# d;d; = 0 we will look
at the curves whose irreducible components are smooth of degree d;. These curves are indeed of

o o pdldts) . .
degree d and have § nodes. The Zariski closure of these points in P > is indeed of codimension
0 as each component of degree d; comes from a W—dimensional space:

ZM 1<Zd> =Y did; + 5 Zd—ﬂ 0.

i i#]

For example, the sequences (4,1,1) and (3,3) for d = 6 and 6 = 9 produce two distinct closed
subsets of codimension 6 in Vs 9, from which we conclude that this Severi variety is not irreducible.
Severi also stated in 1921 that there is always a single component of the Severi variety which
contains the irreducible curves of the given degree and the correct number of nodes. His proof
was however wrong and it was not before 1985 before Harris gave a correct proof in [24].

Theorem 5.4. The irreducible nodal curves with 6 nodes and of degree d lie in a single irreducible
component of the Severi variety.

5.3 Severi degree

The Severi variety comes with an embedding into a projective space so one could study properties
of this embedding, such as the Hilbert polynomial. This seems to be rather hard in general, but
we can say something about the degree of the Severi variety.

Definition 5.5. The degree of the Severi variety is called the Severi degree and is denoted by
Nis.

We know by Theorem 5.3 that the Severi variety Vy s is of codimension §. To compute its
degree one can intersect it with a d-dimensional linear space and compute the length of the zero-
dimensional scheme thus obtained. In general, such a linear space will yield a space of reduced
points, and we can simply count the number of points in the intersection.

So let us consider what it means to have a J-dimensional linear subspace in P(I'(P?, O(d))).
Notice that in P2 = |O(1)| with coordinates U, V and W, a line UX +VY +W Z consists exactly of
points representing lines on the projective plane passing through the point [X : Y : Z]. Note that
all the points in a linear system representing curves of degree d through a fixed point, make up a
linear subspace of codimension 1. Since the intersection of two linear subspaces of codimension ¢
and r is in general a linear subspace of codimension g 4+ r, we see that the curves through k fixed
points in the plane form a k-codimensional linear subspace in P This gives us the following
geometric interpretation of the Severi degree.

Lemma 5.6. The degree Ny s of the Severi degree Vg s equals the number of nodal plane curves

of degree d with 0 nodes passing through @ — 0 general points in the plane.

Let us use this to compute some Severi degrees for small d. In the case d = 1 we only have
smooth curves and the degree of V; o is obviously 1, as Ny o = 1 for all d. This shows that there is
a smooth conic passing through five general points, since the Severi variety Vs is the projective
space of dimension 5. For N2; we need to count the ways to draw a pair of lines through four
general points. Since the points are general each line will pass through exactly two points and
through each point will pass exactly one line. So pick a point and look at the possible lines passing
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through this point. This line is obviously determined by the choice of a second point and this
choice also determines the other line. So we have ./\/'2,1 = 3. Notice that we could have obtained

this result from the fact that Vs, is a hypersurface in P° defined by the single equation (5.1) of
degree 3.

.
-~
.

0
Pt
"" o

. . . (b) After choosing such a line, there are N21 = 3
(a) For one point there are five possible lines ways to pick the other lines

Figure 5.4: The computation of N3 3

Let us consider d = 3. As before we have N3 o = 1 and we will now examine the cases 1 < ¢ < 3.
For § = 3 we want to know the number of line triples passing through six points. As before, a
first point determines five possible lines. Of the remaining four points we know that there are 3
ways to pick a line pair. This gives us that the degree of the Severi variety Vs 3 equals 15. For two
nodes, we will need to count the number of combinations of a line and a conic passing through
seven points. As the points are general there will be exactly five points on the conic and two on
the line. Now any choice of two points determines such a line, as there is a unique line passing

through these two points and a unique conic passing through the remaining 5 points. The number
of ways to choose two points out of these seven equals N3 5 = (;) =21.

Figure 5.5: The computation of Nj o:
Any two points determine a line and a conic

We are left with the case of an irreducible cubic curve and these are not as well understand as
lines and conics. We will see that in fact there are twelve irreducible conics with one node through
8 general points. This was already known by Steiner [57] who showed the following general result

in 1854.
Theorem 5.7. The number of nodal curves of degree d with exactly one node through @ -1
points equals

3(d—1)%

So instead of looking at a fixed degree we get a nice result by fixing the number of nodes.
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The next step is the case of exactly two nodes. This problem was completely solved by Cayley
in 1866, [7]. We will state his result in terms of Severi degrees.

Theorem 5.8. Let d be a positive integer. The Severi degree of type d,2 equals

Nys = ;(d —1)(d - 2)(3d% — 3d — 11).

Roberts [50] was even able to find a similar result for three nodes.
Theorem 5.9. The Severi degree Ny 3 equals

9 9 423 829
5dﬁ —27d° + 5d4 + 7d3 — 922942 — 7d+ 525

ford > 3.

So the Severi degree for fixed ¢ is still a polynomial in d of degree 26, although this polynomial
gives the wrong number for small d. So one might conjecture that such a polynomial exists for
all 6, which agrees with Ny s for large enough d. This was done by Di Francesco and Itzykson
n [11]. Their conjecture was confirmed by Vainsencher in [62] up to six nodes and Kleiman and
Piene extended his results up to eight nodes in [29]. But it was not until 2009 that Fomin and
Mikhalkin [15] found a proof for the general case.

Theorem 5.10. There exist polynomials Ns(d) of degree 28, called Severi polynomials, such that
for all §
Ns (d) = Nd,g

for large enough d.

5.4 Nodal curves on surfaces

Vainsencher did not only show the existence of Severi polynomials for the projective plane for
0 < 6. He also generalised Di Francesco and Itzykson’s conjecture to arbitrary surfaces, as follows.

Let S be a surface with a line bundle £, and let |£| denote the linear system of £. We are
interested in effective divisors C' € |£| which have exactly § nodes. Such divisors obviously need
not exist, as |£| for example could be empty.

Let us first consider the case of smooth curves in |£|. If £ is very ample then the general curve
in |£| is smooth. This follows from the fact that £ defines an embedding of the surface S in a
projective space. Divisors in |£] now correspond to intersections of S with a linear hyperplane. By
Bertini’s theorem [26, Theorem 11.8.18] such a divisor is smooth in general, since we are working
over an algebraically closed field.

In the case of 6 > 0 nodes, very ampleness may not be strong enough to ensure the existence of
nodal curves with exactly d nodes in the linear system. We will need an assumption on £ coming
from [4], ensuring that there are enough global sections.

Definition 5.11. Let £ be a line bundle on a surface S. We say that L is k-very ample if for
every zero-dimensional subscheme Z of length k + 1, the restriction of global sections on S to Z
is surjective, i.e. the map

HY(S,L) — H°(Z,L® Oy)

is surjective.

Note that if £ is very ample, it is 1-very ample. In general, if £ and M are very ample, then
LY @ M®™ is (I + m)-very ample. Also note that a k-very ample line bundle contains curves
through any k£ + 1 points. However, we are obviously not interested in divisors only containing
specific points, but also in the local nature of the curve at these points. We have the following
result by Gottsche from [20, Proposition 5.2].
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Theorem 5.12. Consider an integer § > 1 and S a smooth projective surface. Let L be a (506 —1)-
very ample (5-very ample if 6 = 1) line bundle. Then any d-dimensional linear subsystem V C |L]
contains finitely many points with at least § singularities. In fact these singularities are all nodes.

We will supply a proof for this theorem, when proving Theorem 5.15 in the next section. There,
we will also find an explicit expression for this number of curves as an intersection number.

For this reason we will define the notion of the number of 5-nodal curves of an invertible sheaf
L, which is the number of curves with exactly d nodes in a general d-dimensional linear subspace
of the linear system |L|.

The number of d-nodal curves of a line bundle O(d) on P? can be viewed as the Severi de-
gree Ny 5. Theorem 5.10 on Severi degrees is generalised by the following statement, which was
conjectured by Vainsencher [62] and proven by Kleiman and Piene [29] up to eight nodes.

Theorem 5.13. Let 6 > 0 be an integer. There exists a polynomial Ps of degree § in four variables
such that
Ps(L% LK, K2, c2(Ks))

equals the number of d-nodal curves in L if L is very ample if 6 = 0, 5-very ample for § =1 or
(56 — 1)-very ample for § > 1.
These polynomials are called the nodal polynomials.

We already saw that in the case of smooth curves with a very ample line bundle we have
Py = 1. We will present the proof for § > 0 as given by Tzeng in [61].

5.5 Hilbert schemes

We will translate the problem into one of intersection numbers on Hilbert schemes of points, as
done by Gottsche [20].

First we will recall the existence and properties of Hilbert schemes of points on a surface S
from [42]. The central notion will be that of a flat family of subschemes of X of dimension 0 and
length n, i.e. a flat surjective morphism Z — T such that each fibre Z; for t € T consists of n
closed points in X. Here we count points with their multiplicities, that is the length of the local
ring. Now for any such family we get that for any morphism S — T, the fibre product Z xp S — S
is another such family. Now among these objects, there exists a universal one.

Theorem 5.14. [42, Theorem 1.1 and Theorem 1.8] Let X be a projective scheme over k. There
exists a projective scheme X ™ with a closed subscheme Z,, (X) C X x X" over X[ of subschemes
of X of dimension 0 and length n, such that the following condition is satisfied:

for any flat family ¥ : Z — T of subschemes of X of dimension 0 and length n there exists a
unique morphism T — X" such that the family over T is the pullback of the universal family
over XM i.e.

Z 2T X i Zn(X) —— Zp(X)

lﬁ J
7T —— 5 Xl

Here qy, is the restriction of the second projection.

We say that X[™ is the Hilbert scheme of n points of X and Zn(X) is called a universal family
over X", Furthermore, if S is a smooth projective surface, then S is projective and smooth of
dimension 2n.

From now on let S be a smooth projective surface, together with a line bundle £. The morphism
Pn : Zn(S) — S and the flat morphism g, : Z,,(S) — S finite of degree n, allow us to define a
sheaf £, := (¢n)«(pn)* L on SM.
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The sheaf (p,)*L is invertible, since locally free sheaves remain locally free after being pulled
back via any morphism. The morphism g, is quasi-finite, since it obviously has finite fibres. It is
also projective, since the composition Z,,(S) — S ["] — Speck is projective and S is separated
over k, see for example [26, Corollary 11.4.8(e)]. Now by Théoreéme 8.11.1 in [23, Troisiéme partie]
we get that ¢, is finite. The fibres of ¢, are zero-dimensional, so its higher image functors all
vanish. So we get by Corollaire 7.9.10 in [23, Seconde partie] that (g, ).(pn)*L is locally free on
S Furthermore, its rank equals the Euler-characteristic of (¢, )«(pn)*£ which is simply the
dimension of the global sections of the fibres. Evidently this equals dr.

Now in our case we are interested in the subschemes of S which are disjoint unions of spaces
of the form Spec(OS’wi/m%’Ii), for disjoint points x1,...,xs. These subschemes are parametrized
by a locally closed subscheme SS’O C S, Let S be its closure in its reduced scheme structure,

then SJ is clearly birational to S
We will be interested in the intersection number

d(s(ﬁ) = /56 C25(£35).

2

Theorem 5.15 (Proposition 5.2 in [20]). Let S be a smooth projective surface and § > 1 any
integer. If a line bundle L on S is (56 — 1)-very ample (5-very ample if 6 = 1), then the finite
number of curves in a general 6-dimensional linear subsystem as described in Theorem 5.12 equals
ds(L).

For the proof we will need a geometric interpretation of Chern classes as given by [18, Exam-
ple 14.3.2].

Lemma 5.16. Fiz a positive integer p. Let X be a variety of dimension n with a locally free
sheaf F of rank r which is generated by global sections. Consider global sections si, Sa,...,SN with
N>r—p+1. The set

Q= {z € X | dimSpan (s1(z),s2(2),...,Sr—pt1(z)) <7 —p}

has a natural scheme structure of codimension p, for a general choice of such sections. The
corresponding cycle [Q] represents [ ¢, (F).

We will only be interested in the cases that either n = p, so that ) is a zero-dimensional
subscheme, or n < p, in which case €2 is empty.

Proof. Note that any global section s of £ gives a global section on S by the map H%(S, £) ®
Ogixy — L. Such a section vanishes on a reduced Z C S of dimension 0 and length & in Skl
precisely if the original section vanishes at all z; € Z. By abuse of notation, we will write s for this
section as well. A germ of this new section contains exactly the same information as the stalks of
L restricted to the corresponding subscheme Z of length k. Now if £ is k — 1-very ample, then
the global sections of £ map surjectively onto global sections of £z. This is equivalent to saying
that the locally free sheaf £ is globally generated.

Fix a d-dimensional linear subsystem V of |£| with basis s1, 82, ..., 8541

We will first prove Theorem 5.12.
Let us apply Lemma 5.16 to the sections s1, ..., 5511 of L35 restricted to S with p = 24. In this
case we get that

Q={Zec Sy | dimSpan (51(2),52(2),...,5511(2)) < 6}

represents ca5(L3s). Now when does dim Span (s1(2), s2(Z), ..., $s41(Z)) < 6 hold? Precisely if
for some Z € SJ there exists a D € V with corresponding non-zero section s of both £ and L35
such that s(Z) =0, i.e. Z is a subscheme of D.
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If we repeat this for 5‘25\5‘25)0 we see that
{Z € S0\S3,, | dimSpan (s1(2), s2(2),...,5541(Z)) < 6}

represents the class cos(L35) on S3\S9 ,. However dim S5\S3 , < dim SJ , = 26, so fsg\sg c2s5(L3s)
’ ’ ’ 2 2,0

0. Hence € is contained in 5’3’0 and all Z € Q are exactly the curves with at least § singularities.

We will now show that none of these curves has more than § singularities.
Let us apply the lemma to the sections si,...,S54+1 of L3543 on 53“ with p = 26 + 3. Note that
the conditions of the lemma are satisfies, since 36 +2 =5for d =1 and 30 +2 < 50 — 1 for 6 > 1.
In this case we have a representative of cosy3(L354+3) given by

{Z € S5*1 | dimSpan (s1(2), 52(2), . .., s541(Z)) < 6}

consisting of the curves in V with d + 1 singularities. As SSH is of dimension 2§ + 2, we have that
fss+1 cos+3(L3s+3) = 0. So the described set is empty, hence there are no divisors in V with more
2

than d singularities.

We are left to prove that all these § singularities in € are indeed nodes.
Consider the following spaces: S:‘,f,o c S5 are the points corresponding to the subschemes of S
which are a disjoint union of § non-reduced points of the form Spec (Osm/(mgm + zy)). As
before, this space is a locally closed subset in S, Tt is easily checked that it is smooth of
dimension 46, as we get two dimensions for each point and one dimension for the choice of each
x and y, since such elements determine the same non-reduced point up to scaling. Let SJ be the
closure of S:‘,fjo. Then if a divisor D € V has exactly ¢ singularities and these singularities are
described by a point in S§ \Sg)o, then at least one of these singularities is not a node, otherwise
the point would lie in 53,0 by definition. Now we apply Lemma 5.16 once more, to the case of Lss
on S§\ 5§ o, with its reduced structure and p = 44. This gives that [, s3\s3 , C46(Lss) is Tepresented
by 1
{Z e Sg\Sg,O | dim Span (s1(Z2), s2(Z), ..., s641(Z)) < 6}

consisting of the curves in V with § singularities of which at least one is not a node. As
dim S\ 55 o < dim S§, = 44, this set is empty and hence for all Z € S§\53, there is no D € V
such that Z C D. So these curves with exactly 0 singularities have exactly § nodes. O

5.6 Degeneration of Hilbert schemes

Vainsencher conjectured in [62] that the number of curves with exactly 6 nodes in a §-dimensional
linear subsystem of a very ample enough line bundle £ on a smooth projective surface S only
depends on the Chern numbers £?, LKg, K% and c3(Kg) of S and £. This number apparently
only depends on the class of [S, £] in ws1(k) ® Q. Now that we know that the relevant degrees
can be expressed in terms of Chern classes of line bundles on Hilbert schemes, we are interested
how these Hilbert schemes vary along the fibres of a double point degeneration.

We will also need the notion of a DM-stack , which is quite involved. For our applications it
will suffice to think of a DM-stack as a generalisation of a scheme, which allows for morphisms,
fibres, line bundles and intersection theory as schemes do. For more information one can look
at [32] which heavily depends on [30], or the fundamental paper [10].

We know what the Hilbert scheme of the smooth fibres should be. So let us consider the fibre
over 0. We will need a relative Hilbert scheme (S/D)™ of points on a surface S with a divisor
D. This space is a proper separated DM-stack as proven in [65]. A good description of this space,
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both by construction and as a moduli space, can be found in Section 1.3 in [53]. As before one can
think of this space parametrizing n-tuples of points in .S, but points in D will carry the additional
information of a direction in the normal bundle of D in S.

As before we have a set (S/D)3 C (S/D)[% which is the Zariski closure of the set parametrizing
singular points in S relative to D.

Li and Wu [37] used the notion of relative Hilbert schemes to define a family of Hilbert schemes
associated to a double point degeneration 7 : X — P! with special fibre A[],, B with intersection
D over 0 € P'. In this case X must be of pure dimension 3, if we want the fibres to be surfaces.

First we let U C X be the subset consisting of 0 and the points in X with smooth fibres. Then
we have that Xy := X xp1 U — U is family of smooth surfaces, except for the fibre over 0 € U.
Note that £ restricts to a line bundle on Xy, which we will also denote by L.

The following object constructed over U in [37] by Li and Wu shows that Hilbert schemes of
points are well behaved in double point degeneration.

Theorem 5.17. We have the following objects and properties:

(i) There is a proper and separated DM-stack XM over U with nl™ : XM — U the corresponding
projection, which has the following fibres

n

(e o) =TT (a/p)" ™ (B/D)™ ana (=) TN = X for ¢ € U\ {0}

k=0
We will write i[gn] for the inclusion of a fibre of the second kind. We will denote the inclusion
of one term of the special fibre by

K

ik (4/D)" M (B/D)M - ),

_k]

We will need the projections w:[Ln’k] and Wén’k] from (A/D) = (B/D) [kl to the respective

factors.

(i1) We have the obvious universal closed subschemes Z,(X¢), Zy(A) and Zy(B) in X¢ X x,

A x (A/D)H and B x (B/ D) respectively. We will write p and q for all projections to the
base spaces and the corresponding Hilbert scheme, in particular we will suppress indices and
base spaces for readability.

This allows us to define £[Cn] = q«p*Lx. and similarly E[f] and Egg].

(iii) There is also a universal family Z, C Xy X X" with projections P : Z, — Xy and
Q: Z, — X" This gives us a family over U using the composition

Zn =Xy —=U
with fibres
Zn(Xc) over ¢ #0 and (H Zn—i( B/D)[k]> H (H(A/D)["k] X Zk(B)> over 0.
k=0
Let us write j¢ for the inclusion of the fibre over ¢, and split the other fibres in the inclusions
M Z, (A x (B/D)W =z, and M (4/D)P M x Z4(B) — Z,.
Similar to all other cases with such universal closed subschemes this gives a sheaf on LI

"= Q. pL.

So, as before we have that the defined sheaves on X én], Xl[f], Xj[gk] and X" are still locally free
sheaves.
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Lemma 5.18 ([61, Lemma 3.6]). (i) The sheaves E[Cn] and L™ are locally free sheaves on Xén]
and X" respectively, both of rank 3n.

(ii) Also, C[ is a locally free sheaf of rank 3k on XA . A similar result holds for X[ )
We would like to apply Theorem 5.12 to the fibres of X" together with the appropriate vector
bundles. For the smooth fibres, we have two ways to produce a vector bundle: we can get a vector

bundle of rank 3n from the line bundle Ly, on X after pulling it back and pushing it forward
through the maps

Xe & Zo(X) 5 X
We could also have obtained a vector bundle on X é"] of the same rank by restricting £ to the
fibre over ¢ € U. This does in fact give the same vector bundle. We have a similar result for the

vector bundles on the fibre over 0.

Lemma 5.19 ([61, Lemma 3.7]). We have the following identities of locally free sheaves of rank
3n on the smooth and general fibre of X" — U.

0]y« ool _ plol
(i) (i) Ll =Ll

n,kl\x ok n,k|\x p[n—k
(i) @)= £l = (i) £l @ (w2,
For the proof we will need the following lemma [61, Lemma 3.6].

Lemma 5.20. Consider a Cartesian square

X xzY 9 x
o
y —L 7
with f a finite morphism, g a closed immersion and F a locally free sheaf on X, then we have that
Ly F=g"f.F

Proof. As f is finite, it is in particular affine. So it is enough to prove the statement in the case
that Z is affine. We have

Z =Spec R, X =SpecS and Y = SpecR/I.
The lemma now follows from the identity
M ®s (S®@r R/I) = M ®gp R/I

of R/I-modules. Here we view the S-module M as an R-module via the map R — S coming from
f : Spec R — Spec S. O

We can now prove Lemma 5.19.
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Proof. (i) We have the following commutative diagram

[n]

Xén] ks xlnl

XC L) XU.
By definition we have
(e = () Qe
Now we can apply Lemma 5.20 to the upper square in the diagram:
@) QuP*L = q.jEP*L.
Using the commutativity of the lower square and the definition of /.Z[C"] we get that
@y Ll =g (Poje)" £ = qu(ic o p)*L = qup”Lx, .
(ii) Consider the following commutative diagram

(A/D)ln—*] TN (A/D)l"=H % (B/D)F M yln)

1
q qxld[ Q
K]
) x

Zn 1 (A) 5 Zni( (B/D)l¥l —> Zy

!

i

| TA P
!

\

A/D 2 A]_[D B—" Xy

Here i 4 is the obvious inclusion and 74 is the composition of the three maps jj[f’k], pand iz

in the lower left square.

By definition we have
( n,k] ) L[n] ([n,k})*Q*P*E

Now consider the following commutative square, which comes from adding the upper right
square in the above diagram to the similar one with A and B, and k and n — k reversed:

ilnok]

(A/D)"H x (B/D)¥ Al

gxId []1d xq

Zo_i(A) x (B/D)W[(A/D)nM x z,(By 212, 7.
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If we apply Lemma 5.20 to this diagram, we get

(M) QP L = (¢ x 1 [ [ 1d xq). G [T 45 P
We can rewrite this as follows

(i[”’k])*ﬁ["] =(¢gx1d Hld Xq) (TAZO HTBZO)
= (g x Id). (1415L) @ (Id xq)« (T515L)
= (g x1d). (Ta15L) @ (Id xq) (7515 L) -

Let us examine each of these terms independently:

(g x1d). (T430L) = (¢ x Id). (pr] p*iipL)
= (¢ x1d). (prip*La)

=" gp L

_ Wgn’k‘*‘CEq]

where we used Lemma 5.20 in the upper left square. Similarly, we have
(Id xq). (g P*L) = mikl cli =]
and the result follows. O

Lemma 5.21. There is a family of closed subschemes SB% c X% which has the fibres
S n Xg)’é] = (X0)5  over¢
and over 0 € U

0 if 31d;

S 01 (/D)1 x (B/ D)) = {(A/ms X (B/D);™  ifd=3¢ forceN.

This statement with proof can be found in [61, Lemma 3.8]. The proof only works over the
complex numbers, as it uses the analytical structure of the projective schemes.

5.7 Relative generating function

Using the objects in the previous section one can relate the following generating functions for the
spaces in Definition 4.4.

Definition 5.22. Define for a surface S with a line bundle £ the generating function

£)=> d(S, L)z

k>0

for di(S, L) = fsg cor(LBF) for k > 0 and do(S, L) = 1.
Similarly we have the relative notion for a surface S with a smooth divisor D. In this case we get

¢(S/D,L) = dp(S/D,L)a*

k>0

where di,(S/D, L) = f(S/D)k cor(LB¥)) for k > 0 as before and do(S/D, L) = 1.
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We can use these generating functions to relate the number of d-nodal curves in a general
d-dimensional linear subsystem on the classes in a double point relation.

Theorem 5.23. Let m : X — P! be a double point degeneration, with X; a smooth fibre over
some ¢ € P! and the fibre over 0 being A]] B with transverse intersection on the smooth divisor
D. Let P(r) be the projective space P(Op © Na/p) as before. Then we have

(X¢, L)P(P(T), L) = ¢(A, La)p(B, L)

We will only need the relative generating functions for the proof of this theorem, which is
largely based on repeated application of the following lemma.

Lemma 5.24. Let 7 : X — P! be a double point degeneration with fibres as in Theorem 5.23. In
this case we have
(X¢, L) = ¢(A/D,LA)P(B/D, Lp).

Proof. Let S be as in Lemma 5.21 associated to the double point degeneration 7 : X — PL. As
SB — U is a flat family we get that

/ cas(LP) = / cas (L12).
S[S&]lo 5[36]‘4

5

[TcA/D)s x (B/D);™*

e=0

Recall that SBI restricts to

over 0 and to (X¢)3 over (. These spaces come with the restrictions of the line bundle L3 which
equals

6
e=0

and (L)% respectively. This gives

/ cas (L) = / cas(LP)
s1as1] S_o(A/D)sx(B/D)} ¢

e=0

(36]
: Z/A/m x(B/D)5~ (L ‘(A/D)gxw/mi“)
2

39,3€¢]\x p[30 30,3€]\* p[36—3€
:Z/A/D) s (w7 e @ ) 2le)
§x
25

- Z /A/D) x(B/D)3~ D¢ ((77535736])*5[26]) Cas—j ((w£35’3€])*£§5—3€]) .
2

Jj=0

Now note that in the inner sum we only get a non-zero term if j = 2e. So we get

/ a5 (£139) Z/ e ((ﬁ£35,3e])*£[§6]) s an <(7r£35,3e])*£§,5—3e]>
RELIN (A/D)sx(B/D)}

36,3¢]\x »[30 36,3€]\x p[36—3€
L ) [, o ()
(A/D)s (B/D);~¢

e=0
é

= d(A/D,La)ds_(B/D,Lp).
e=0
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For the general fibre we find

/ cas(LP) =/ €25 ((ﬁc)[?"s]) = ds(X¢, L)
S, (X¢)3
Hence ds(X¢, L) = Y20, de(A/D, La)ds_(B/D, Ly), which proves that

(X¢, Le) = ¢(A/D, LA)p(B/D,Lp). -

We can apply this lemma to get expressions for the relative generating function in terms of
the general generating function and a relative generating function of a projective bundle.

Lemma 5.25. Let C be a smooth curve on a smooth projective surface Y with a line bundle M.
Let N be the normal bundle of C in' Y. Define Ppr as the bundle P(Oc & N). The line bundle

restricts to a line bundle over C, which we can pull back to a line bundle Mp,,. Then we have
(Y, M) = ¢(Y/C,M)$(Pn/C, Mp,).

Proof. Let Y be the blow up of Y x P! along the curve C' x {0}. Then the fibre of ) — P! over
any ¢ # 0 is the smooth surface Y, but the fibre over 0 is the union of the smooth Y and Pxs
which intersect transversely in C'. Applying Lemma 5.24 to this case immediately gives us

(Y, M) = o(Y/C, M)p(Prr/C, M) R

Now consider the case of smooth surfaces A and B intersecting transversely in a smooth divisor
D as in the special fibre of a double point degeneration. This gives us two isomorphic projective
bundles P(Op ®N4,p) = P(Op®Np/p) over D. These bundles both contain a divisor isomorphic
to D via the inclusion corresponding to the projections Op ® Na;p,Op ® Ng/p — Op. These
divisors are however not respected by the canonical isomorphism of the projective bundles. By
the last two lemmas we are interested in the relative geometry of the bundles over D and we will
distinguish them by writing P4 for the first and Pg for the second projective bundle. Note that
both bundles actually contain two naturally embedded copies of D, which we will denote by

DA = ]P(NA/D) and D.IA = P(OD) in PA

and
DB = P(OD) and ng = ]P(NB/D) in PB.

Now note that the isomorphism P(Op ® Na,p) = P(Op @ N,p) identifies the divisors D4 and
Dp, and D’y and D';. The line bundle £p over D pulls back to different line bundles over P4 via
the different embeddings of D. We will write Lp, and L}, to remember over which divisor the
line bundle is being pulled back. Similarly we have line bundles Lp,, and EﬁmB over Pp.

Lemma 5.26. The irreducible components of the special fibre of a double point degeneration satisfy
the following relation

H(A, La)=¢(A/D,La)p(Pa/Da,Lp,) and

#(B,Lp) = ¢(B/D,Lp)p(Pp/Dy, Lp,).

One more application of Lemma 5.25 gives us a relation to get rid of relative generating
functions of projective bundles.

Lemma 5.27. With the notation as before, we have

P(Pa,Lp,) = ¢(Pa/Da,Lp,)d(Pa/Dy, Lp,).



5.7. RELATIVE GENERATING FUNCTION 73

Proof. Create a family of surfaces by blowing up P4 x P* in D4 x {0}. The fibre over any ¢ # 0
is simply P4 with line bundle L£p,. The special fibre over 0 is, just as in the first part of the proof
of Theorem 4.7, the union of two copies P4 intersecting transversely at D. One of these D’s is
embedded as D 4, while the other one as a D’,. This gives that

¢(PA7£PA) = (b(]P)A/DAvE]P’A)gb(]P)A/DAv‘C]/P’A)' O
With these results we can now state the following important theorem.

Theorem 5.28. The generating function ¢ induces a homomorphism of groups

¢ rwr1 ©Q = Q[f2]]", [S, £] = &(S, £) ().

Proof. Note that each formal power series in the image of ¢ is indeed invertible as the constant
coefficient equals 1.

Let us now show that the map (5, £) — ¢(S, £) is additive. So consider two smooth projective
surfaces with a line bundle (S1,£1) and (S2,L2). Their disjoint union is the surface S]] S2
with the line bundle £4 ] £2 which is the direct sum of the pushforwards of the £; via the map
S; — S1][S2. Now consider the trivial family of surfaces S; ][ S2 over PL. Then the fibre over
any ( is smooth, and the fibre over 0 can be decomposed in S; and Sy with empty intersection.
Now we can apply Lemma 5.24 to get

$(S1 [ S, £1 ] £2) = 6(S1/0, £1)(S2/0, L2).

As the Hilbert scheme of points of a surface relative to the empty set equals the Hilbert scheme
of points of the surface, we see that ¢ maps sums to products.
Now, we just need to show that the map is well-defined. So consider a double point degeneration
with relation:
[XCv ‘CC] + [P(ﬂ—)vﬁlP’(Tr)] = [AvﬁA] + [Ba ‘CB]

Then we have the equations of the Lemmas 5.24, 5.26 and 5.27

¢(X¢, Le) =¢(A/D,La)p(B/D, Lp)
#(A/D,L4)p(Pa/Da,Lp,) =p(A, La)
¢(B/D, Lp)p(Pp/Dy, Ly,) =¢(B, Lp)

¢(Pa, Lp,) =¢(Pa/Da, Lp,)0(Pa/Dy,Lp,).

Now note that the canonical isomorphism of P4 and Pg maps D', to D’;, and hence
¢(Pp/Dp, Lp,) = ¢(Pa/Dly, Lp,)
so we conclude that
O(X¢, L)P(P(m), Lpx)) = d(X¢, L)o(Pa, Lpy) = d(A, La)d(B, Lp).
Hence, double point relations do indeed map to 1 € Q[[z]]* and the map ¢ is well-defined. O
This immediately gives a proof of the following theorem.
Theorem 5.29. There are invertible power series A1, As, Az and Ay, such that

6(5,) = AL AL 4K 432050

In particular ds is a polynomial of degree § in L?, LKg, K% and co(Kg).
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Proof. We know that ws 1®Q is isomorphic to Q*, by mapping a pair [S, £] to (£?, LK s, Kg,c2(Ks)).
Using this isomorphism, we get a group homomorphism

te i, ©Q 3 Q).

Let A;, Aa, A3 and A4 be the images of the basis given by £2, LK, K% and c2(Kg). This proves
the first part. . ,
For the second part: note that the coefficient of z* in A;(z)* is a polynomial in £2 of degree i,

=3 (3)p0r

2 .
for all A. Similar results hold for Ag Ks A?S and AZQ(KS ), so after multiplying these power series
we get a power series where the dth coefficient is a degree § polynomial in £2, LKg, K2 and
CQ(KS). O

This theorem together with Theorem 5.15 immediately completes the proof of Theorem 5.13.

Note that we could have picked any basis for ws 1 ® Q. In this basis, using the result from [62],
we can calculate

33 o, 343 5 17565 , 250197 ; 7610077

Al(x):1+3:cf?x + 5 & g ¢ g ¢ 16
264 20864 13734
As(z) =1+ 22 — %mz + 22523 — 20475 73:104 + 0846 7w5 — 37?6387x6 +...
188 4789 15203611
Ag(w) =1 =32 + —=a® — — = +225072° — —=—a®

59 1615 1911 445349
Ay(z) :1+x—3x2+§x3—?x4 1 z° + 2 28 +

Which gives us for § =1 and § = 2:
Py =3L%+2LKgs + co(Ks),

1
Py= (di(dy —7) — 6K% — 25LKg — 21L%) .

and significantly longer expressions as d goes up.

Tzeng also proves in [61] that in the basis (K2, LKg, x(£), x(Os)) one can express two of the
corresponding power series as quasi-modular forms. These quasi-modular forms come from the
number of §-nodal curves on a K3-surface, as determined by Yau and Zaslow in [66].

Now given a pair (S, L) we can use these power series to calculate ¢(5, £). The lowest coeffi-
cients di (L) will in fact coincide with the number of d-nodal curves in |£|. Up to which coefficient
this still holds depends of course on the line bundle £. It is clear from the above theorems that
if £ is [-very ample, then up to the [%jth coefficient, we do find the correct degree. In fact, it
was proven in [31], that in this case the coefficients do represent the numbers we are looking for,
even up to the [th coefficient. The remaining coefficients still agree with fs§ CQk(ﬁ[gk])7 but lack

this combinatorial interpretation.

If we look back to the line bundles O(d) on P? we should get back the Severi polynomials as
discovered by Steiner and Cayley. So let us compute the relevant Chern numbers. It is known
that the ¢1 (Kg) equals the divisor of the determinant line bundle of Kg, which equals —(n + 1)h
on P", where h is a hyperplane. So in our case we get that ng = 9. Now using Riemann-Roch for
surfaces

12x(Ks) = K§ + c2(Ks)
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we get that co(Kg) = 3. For the line bundle ¢;(O(d)) we simply have that it equals dh for h a
line in P?. So this gives

L?=d* LKg=-3d, K2=9 and cy(Kg) = 3.
So we get
Ny =3L% +2LKg + c2(Kg) = 3d* — 6d + 3 = 3(d — 1),

1
Ny =3 (di(dy —7) — 6K2 — 25LK g — 21L7)

% (3(d—1)*(3(d—1)* = 7) — 54 + 75d — 21d*)
g(d ~1)(d — 2)(3d — 3d — 11),

which are exactly the results in Theorems 5.7 and 5.8 by Steiner and Cayley.
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Appendix A

Algebra

A.1 Formal group laws

Consider the following definition.

Definition A.1. Let A be a ring. A commutative formal group law of rank one in A is a formal
power series

F(u,v) = Z a; ju'v’ € Affu,v]]
i,§>0

such that
(i) F(u,0) = u= F(0,u) in Al[u]l;
(i) F(u,v) = F(v,u) in Affu,];
(i) F(u, F(v,w)) = F(F(u,v),w) in Alfu, v, w]].

We will generally talk about a formal group law, when we actually mean a commutative formal
group law of rank one.

There is an obvious category Rrpgr whose objects are rings with a commutative formal group
law and where the maps are ring homomorphisms A — B which map each coefficient of F'4 to the
corresponding coefficient of F.

Lemma A.2. The category Rrg1 has an initial element (I, F1) called the Lazard ring.
Hence for each ring A, a formal group law on A is uniquely determined by a map L. — A.

Proof. Let us define the polynomial ring on Z with countably many variables indexed by i,j5 €
NU{0}:
L' =Z[A; ;]

Now we have a formal power series F’ € L/[[u, v]] by

F'(u,v) = Z A jutvd,

4,520

Note that the three conditions on this formal power series to be a commutative formal group law
of rank one are actually polynomial relations in the A; ;. Write I for the ideal generated by these
relations. We define the Lazard ring by

L:=L'/I.

79
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Denote the image of A, ; in L by a; ;, then it is clear that
F(u,v) = Z a; ju'v?
,j>0
defines a commutative one-dimensional formal group law on L.
Now let (A, Fa) be any commutative formal group law on a ring A. We can define a map
L'— A

by sending A; ; to the corresponding coefficients of F4. This map clearly factors through L as all
elements of I are mapped to 0, giving a map L. — A sending FL, to F4. O

We will however be dealing with graded rings, in which case a formal group law is defined on
the elements of degree 1 or —1. This is well-defined if one assumes that the coefficient a; ; is of
degree 1 + j — 1 or 1 — ¢ — j respectively. In both cases one can define a grading on L, such that
graded ring homomorphisms L, — R, in the first case and L* — R* in the second case classify
all formal group laws on R, and R* respectively.

Definition A.3. Let L, be the Lazard ring graded by letting i 4+ j — 1 be the degree of a; ;. We
could also use the opposite grading, such that the degree of a; ; is 1 —¢ — 7. In that case we will
write L*.

Note that Lo = L? = Z is generated by ap1 =1=ajp,and L, =L7" =0 for n < 0.

The structure of the Lazard ring looks quite complicated, but it appears to be rather simple
as proven by Lazard [33, Théoréme II].

Theorem A.4. The Lazard ring L, is polynomial ring over Z with generators x; with degx; =1
for all non-negative integers i.

Obviously L* is a polynomial ring with a generator of degree —: for each positive integer .
There are some special examples of formal group laws. For example we have (z,y) — = + y.
Another fundamental example, in which not all coefficients are zero, is given by

F(z,y) =x +y — Bzy.
These two examples of formal group laws are important and have been given their own name.
Definition A.5. The formal group law
(i) F(z,y) =x +y is called the additive group law;
(ii) F(x,y) =z +y — Bay is called multiplicative.

A multiplicative formal group law on a ring R is given by a ring homomorphism Z[8] — R. In the
case that § € R is invertible, we say that the formal group law is periodic and such a group law
corresponds to a unique map Z[3, 37| — R.
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Algebraic topology

We will recall some important notions from algebraic topology. We will assume the reader is
familiar with homotopy theory, smooth manifolds and CW-complexes.

B.1 Bundles and classifying spaces
We will first look at bundles over manifolds.

Definition B.1. A real vector bundle £ of rank r on a manifold X is a manifold 7 : E — X over
X, such that

(i) each fibre E, = 7~!(p) has the structure of real vector space of dimension r;
(ii) X admits an open cover {U,} such that there are diffeomorphisms

po: By =71 (U) = U xR";

(iii) the restriction of the isomorphisms p, and pg to U, N Ug give an isomorphism
(UaNUg) xR" = (UsNU,) x R"
and this isomorphism is given by a linear transformation on the second coordinate.

The manifold X = B(¢) is called the base space of the vector bundle and E = T'(£) is called the
total space.

Instead of looking at real vector spaces, one could analogously define the notion of a complex
vector bundle, which has a canonical structure of a real one.

Alternatively one could assume that the transition functions in the third condition are not
only invertible, but even lie in GL} (R), O,(R) or SO, (R). This gives us the notion of oriented
bundles, vector bundles with a metric and oriented bundles with a metric.

In particular, if we embed the total space of a vector bundle ¢ in R, then we have an inner
product on each fibre and we may choose the transition functions in O, (R). If the vector bundle
is also oriented, then we can choose them in SO, (R).

There are many examples of vector bundles: we have tangent bundles, cotangent bundles and
normal bundles of embedded manifolds. We also have the trivial bundle X x R" of rank r, which
we will denote by R, or R" if the base space is to be understood. Note that X is a trivial bundle
of rank 0 over itself, sometimes denoted by R°.

We can use the following construction to produce new vector bundles.

81
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Theorem B.2. Let £ be a vector bundle over Y with total space E and let f : X — Y be
smooth map of manifolds. Then there is a unique vector bundle f*& over X with total space f*E,
such that the fibre of f*¢ over x is the fibre of & over f(x) and there exists a map f*E — E
which isomorphically maps the fibre over x to the fibre over f(x) for which the following diagram
commutes

ffE — FE

x—1 Ly

The bundle f*€ is called the pullback of & via f.

In fact, the diagram in the above theorem is Cartesian.

We can use the notion of a pullback of a bundle to define maps between vector bundles
E:F - Xandn: E—Y: amap f : F — FE between total spaces of the bundles £ and 7 is a
bundle map if there exists a smooth map f : X — Y such that f is the upper map in Theorem B.2.

Let G be either of the groups GL;} (R), O,(R) or SO, (R). We will see that all vector bundles
with transition functions in G have a close relation with homotopy theory.

Theorem B.3. There exist a space BG(r) of the homotopy type of a CW-complezx, together with
a bundle v, of rank r which has the following universal property:
any vector bundle E — X of rank r with transition functions in G is isomorphic to the pullback
of v» via a map

f:X — BG(r),

which is unique up to homotopy.

The space BG(r) is clearly unique up to homotopy and it is called the classifying space for G.
For more information on bundles and classifying spaces, see [41], [56] and [5].

B.2 Homology and cohomology

For homology we will need the notion of the category of pairs of topological spaces. The objects
will simply be (X, A) where A is subset of X with the induced topology. Maps between such
objects (X, A) — (Y, B) are continuous maps f : X — Y such that f(4) C B. These maps do
indeed behave as we would expect of morphisms, and we have a category.

We will be particularly interested in the cases where (X, A) consist of a CW-complex X and a
subcomplex A. We will then say we have a CW-pair. Another interest is that of pairs which are
of the homotopy type of a CW-pair: we say (X, A) is of the homotopy type of CW-pair if X is
homotopy equivalent to a CW-complex Y, such that the homotopy equivalences restrict on A to
a homotopy equivalence onto a subcomplex of Y. The most important result is that any manifold
is of the homotopy type of a CW-complex [40].

Now we can define the notion of an unreduced homology theory, coming from [55].

Definition B.4. Let H, assign a sequence of abelian groups H, (X, A) to each pair of spaces and
n > 0, such that the following conditions are satisfied.

(Hom1) Each map f: (X, A) — (Y, B) gives a homomorphism of groups
f«  Ho(X,A) — H.(Y, B)

which only depends on the homotopy class of f as a map of space pairs. The identity map
is sent to the identity of each group.
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(Hom2) For composable morphism f and g of space pairs, we have
fige = (f o g)s.
(Hom3) Each pair of spaces gives a connecting homomorphism
0e t Ho(X,A) = H._1(A) := H._1(A, D)

which is natural in the sense that df. = (f|a)*d for all f : (X,A) — (Y,B). It should
furthermore make the following sequence into an exact one

e Ho1 (X, A) 8 H(A) = Ho(X) = Ho (X, A) 2% Hy_1(A) = ...
(Exc) If U is an open subset of X, such that its closure is contained in a subset A C X, the
inclusion i : (X\U, A\U) — (X, A) induces an isomorphism of groups

iyt H (X\U,A\U) — H,(X, A).

(Dim) The groups H,(pt) of a space consisting of a single point vanish for n # 0.

Then H,, is called an ordinary (unreduced) homology theory. The coefficient group of H, is defined
as Hy(pt).

These axioms are often referred to as the Eilenberg-MacLane axioms. The (Exc) and (Dim)
are known as the dimension axiom and the excision axiom.

For each abelian group G one can show that singular homology with coefficient in G is an
ordinary homology theory with coefficient group G, see for example Section 2.2 in [27].

Similarly one can define the notion of an ordinary cohomology theory H*, by looking at con-
travariant functor from the category of pairs of spaces to sequences of groups, see §3c in [55].

One can show that such a homology theory with a given coefficient group is uniquely determined
on well-behaved spaces.

Theorem B.5 ([12]). An ordinary unreduced homology theory is uniquely determined on pairs of
space of the homotopy type of a CW-pair by its coefficient group.

In some cases the condition of the dimension axiom is dropped and one arrives at the notion
of an generalised homology or cohomology theory.

B.3 Characteristic classes

We can assign to vector bundles specific cohomology classes of the base space.

Theorem B.6. There exists a unique way to associate to each vector bundle & of rank r over a
closed compact manifold M cohomology classes

wy(§) € H (M, Zs)
for all non-negative k, called the Stiefel-Whitney classes of &, such that
(i) the class wo(€) equals the unit element 1 € HY(M,Z3), and w (&) is zero for k > r;
(i) for a differentiable map N — M and a bundle £ over M, we have that
wi(f*€) = [ (wi(€))
for all k;
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(iii) for two bundles & and n over the same space, we have that
k
we(€Bn) =Y wi—i(&) Uwi(n);
i=0

w) the first Stiefel- itney class of the tautological line bundle over 1S NON-2ero.
(iv) the first Stiefel-Wh y cl f th logical 1 bundl RP!

We can use the Stiefel-Whitney classes to find invariants for any smooth closed manifold M of
dimension n with a bundle €. This is done as follows.

Considering the Stiefel-Whitney classes of £, we get cohomology classes of all relevant degrees.
Using the cup product on these classes we get cohomology classes of the top degree. Now we have
the following result.

Theorem B.7 (Poincare duality). Let M be a closed compact oriented manifold of dimension n,
then we have natural isomorphisms

H*(M,Z) = Hy,_(M,Z).
If M is not oriented, we get an isomorphism for Zs-valued (co)homology
H"(M,Z3) = Hy,— (M, Zs).

So the classes of top degree in the cohomology ring, define homology classes of degree 0. But
by the dimension axiom we get that Ho(M,Z2) = Zy and we arrive at elements of Zs.

Definition B.8. Let dy,ds,...,d, be non-negative integers, which satisfy
di +2dy +...+nd, =n.

The value of
wy (§) M wa(§)™ . wn (€)™
in Zs is denoted by
wi (§) M wa(§)™ .. wn (€)M [M]
and is called a Stiefel- Whitney number of .

For more information, see [41]. In particular, Chapter 14 contains a similar exposition for
characteristic classes for complex vector bundles in homology with integer coefficients. These
Chern classes are very similar to Stiefel-Whitney classes and give rise to the notion of Chern
numbers for complex vector bundles.

B.4 Spectra

This section contains the most important definitions and theorems from Chapter 8 in [59].

Definition B.9. A spectrum is a sequence of pointed CW-complexes (E,,), such that X F, is a
CW-subcomplex of E,, ;1 for all n.

Any CW-complex X gives a spectrum by considering "X . Any spectrum E and a pointed
space give the spectrum E A X given by (E, A X).

There is an obvious definition for functions between morphisms between spectra.

Definition B.10. A function f : E — F of spectra is a sequence of maps of CW-complexes
fn: By — F, such that Xf, : ¥ F,, — X F, is the restriction of f, 11 : XE,+1 = XF,11.

This is however not the notion of morphisms that make spectra into an interesting category.
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Definition B.11. A cofinal function between two spectra E — F is a pair of a subspectra E’ of
E and a function f: E' — F, such that every cell e in E has a suspension which lies in E’.

Two cofinal functions (E’, f') and (E”, f”) are called equivalent if there is a cofinal function
(E, f), such that E C E' N E” and both f” and f” restrict to f on E.
An equivalence class of this relation is called a map of spectra.

There is a notion of homotopic maps of spectra, which allows us to define homotopy of a
spectrum as follows.

Definition B.12. Let F' be a spectrum. Then we define the homotopy groups of F as
T (F) = [E"S°, F]
where [E, F] denotes the homotopy classes of maps of spectra.

As the domain X"SY admits very few cofinal maps to any spectrum we have the following
result.

Theorem B.13. The homotopy of a spectrum equals the direct limit of the classical homotopy of
the elements of the spectrum:
Wn(F) = li_1>n7rn+k(Fk,pt).

There is a strong relation between homology and cohomology theories and spectra. As shown
by the following important theorem, coming from [63, 5.2 and 5.10] and [1, Remark 6.5].

Theorem B.14. Any spectrum E makes

X mo(EAXy)

into a generalised homology theory. On the other hand, each such theory is given by the above
form for a certain spectrum.
Similarly, every generalised cohomology theory can be written as

X — [27"SY E]

for a spectrum E and each such theory is a generalised cohomology theory.
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Appendix C

Algebraic geometry

We will give a short description of the notions line bundles, affine bundles, projective bundles,
torsors, regular embeddings and l.c.i. morphisms in algebraic geometry.

C.1 Line bundles

Recall that a sheaf 7 on a scheme X which is locally isomorphic to O% for some 7, is called a
locally free sheaf of rank r. If the rank is equal to 1, then we call F a line bundle or an invertible
sheaf as their exists a sheaf FV such that F ® F¥ = Ox. The tensor product of sheaves turns
the set of isomorphism classes of invertible sheaves into an abelian group.

A Cartier divisor is a set of local section of the fraction field of the structure sheaf, such that
the quotient of two sections restricted to their common domain is an invertible element of the
structure sheaf. See [26, Section III.6] how to define an equivalence relation on Cartier divisors
and how to turn the set of equivalence classes into a group.

Theorem C.1. For varieties, as usual reduced and irreducible, there is an isomorphism between
the group of isomorphism classes of line bundles and the group of equivalence classes of Cartier
divisors.

One can think of Cartier divisors as the transitions functions for the line bundle. Similarly one
can use a Cartier divisor as gluing information to construct a locally free sheaf of rank one.

C.2 Affine bundles

One could wonder if there is an equivalent notion of vector bundles in the case of schemes. The
following definition gives the objects we are looking for. The information in this section comes
from Section 11.5 in [19].

Definition C.2. A geometric vector bundle of rank r over a scheme X, is an X-scheme f : Y — X,
such that X has an affine cover (U;) which satisfies:

(i) there are isomorphisms 6; : f~(U;) — AJ ;

ii) any two such isomorphisms induces on SpecV C U; N U, a morphism A}, — A, comin
y J 1% 1% g
from a linear map Alxy,...,x,] = Alzy,..., 2]

Exercise I1.5.18 in [26] shows that for a locally free sheaf of rank r, we get a geometric vector
bundle by taking the global spectrum of the graded symmetric algebra of £:

V(&) := Spec(Sym(£)) = Spec @ (5®i/<:c QY—yY® x>)

i>0

87



88 APPENDIX C. ALGEBRAIC GEOMETRY

One can easily define the sheaf of sections of a geometric vector bundle by considering all local
sections of the map Y — X. One can show that the sheaf of sections of V(&) is in fact £ and we
have constructed an equivalence between the categories of the locally free sheaves of rank r and
geometric vector bundles of rank r.

We will pass freely between a geometric vector bundle and its sheaf of sections.

C.3 Torsors

Torsors are either sheaves or schemes over a scheme X, such that locally they have an action of a
sheaf of groups or a group scheme over X. This action is assumed to be simply transitive on all
opens. We will only need torsors under locally free sheaves and geometric vector bundles. Let us
first look at the case of sheaves.

Definition C.3. Let G be a sheaf of abelian groups and S a sheaf of sets on a topological space
X. An action of G on S is morphism of sheaves

GxS—S,

such that for every open U C X we get an action of G(U) on S(U).
The sheaf S is also called a G-sheaf.

Now we can define the notion of torsor under a locally free sheaf.

Definition C.4. Let F be a locally free sheaf on a scheme X. An F-torsor V is an F-sheaf of
sets on X, such that

(i) for all open U C X we have that the local action F(U) x V(U) — V(U) is simply transitive,
i.e. for any two elements vy and v9 in V(U) there is a unique g € G(U) such that gv; = vs;

(ii) there exists an open cover (U,) of X, such that V(U,) is non-empty for all a.

For any U with V(U) non-empty, we get an isomorphism V(U) — F(U) by fixing some v € V(U)
and mapping any w € V(U) to the unique g, € F(U) satisfying g,,v = w. So an F-torsor locally
agrees with the locally free sheaf and this gives V(U) the structure of a group. However, this
structure depends on the choice of isomorphism and hence there is no canonical identity element.
So the gluing is done, not by linear maps as in the case of locally free sheaves, but by affine linear
maps which do not need to preserve the origin.

There is an obvious notion of maps of F-torsors and hence of isomorphic torsors. Note that if
an F-torsor V has a global section, then by the above reasoning we get an isomorphism V — F
which is an isomorphism of F-torsors, where F has the obvious F-torsor structure as it is a sheaf
of groups.

Now let U = (Uy,) be a cover of X as in the definition of the torsor. Then we get a 1-cocycle
of V on U, as follows: pick elements v, in all V(U,). Now pick fag € F(U, NUg) as the unique
element such that f,s3 (Ua|UamUﬁ> = Uﬂ|UﬁmU0~ This is easily checked to be a cocycle and it can
be shown that isomorphic torsors give equivalent 1-cocycles. On the other hand, each 1-cocycle
gives the gluing information to construct an F-torsor. This gives us the following theorem.

Theorem C.5. There is a correspondence between classes in
HY(X,F)
and isomorphism classes of F-torsors.

Now any JF-torsor restricted to some open U equals the sheaf of sections of the product U x
A™ — U. We can use the affine linear maps to glue these schemes to get a scheme V over X,
which is trivially affine over X.
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C.4 Local complete intersection morphisms

We will first need the definition of a regular embedding.

Definition C.6. A regular embedding of codimension d is an embedding X — Y with ideal
sheaf J, such that the J/32 is a locally free sheaf of rank d on Y.

One can show that this is equivalent to J being locally generated by a regular sequence, that is X
is locally the zero-set of a regular sequence of functions, see page 36 in [2].

The bundle 3/3? is called the conormal sheaf of X in Y.
Now we can describe an important class of morphisms.

Definition C.7. A local complete intersection morphism, or simply an l.c.i. morphism, is a mor-
phism f: X — Y which factors as

X5pPLhy
where 7 is a closed regular embedding of codimension d and ¢ is smooth of dimension e. L.c.i.

morphism have a well-defined relative dimension. In the notation of the case above the relative
dimension would be e — d.

The most important case where we find l.c.i. morphism is in the following theorem.

Theorem C.8. Let X be a smooth scheme. Then the diagonal embedding
0: X > X xX

is an l.c.i. morphism.

For more information on regular embeddings and l.c.i. morphisms, the reader is referred to
Appendix B.7 in [18].

C.5 Projective bundles

Whenever we have a geometric vector bundle over a scheme X, and hence a locally free sheaf, we
could look at all the lines in a fibre through the origin, so that each fibre A™ turns into a projective
space P!, We can do this for all fibres such that we get a scheme over X which locally looks
like ]P’TU*l. We present the formal construction.

Definition C.9. Let £ be a locally free sheaf of rank r on a scheme X. Then we define the scheme
P(€) = Proj(Sym(€))

which comes with a natural map 7 to X. If U C X is an open of X on which £|y is isomorphic
to OF;, then we have an isomorphism

7N U)=PE|ly) = U x P L,

We will give a geometric description of an important invertible sheaf on this bundle of projective
spaces. For the details and an algebraic construction, see [26, Chapter IL.7].

If we identify P(E) with the lines through the origin in the fibre of the geometric vector bundle
associated with &, we see that the pullback 7*& on P(€) contains a line bundle: Each fibre &, over
a point £, € P(€) which lies over x € X has a preferred line, namely ¢, C &,. If we take this line
as the fibre, we get an invertible sheaf O(1) on P(E), called the canonical line bundle.

Recall that for a closed embedding X — Y the notion of the conormal bundle: J/J2, where J
is the ideal sheaf of X in Y. The dual (3/3%)V is called the normal bundle. For a divisor D of Y,
we can find it by restricting the line bundle Oy (D) to D, see [26, Example IV.1.4.1]
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Now consider two line bundles £ and M on a scheme X. If we blow up the sheaf £ ® M we
get a scheme PP over X which locally looks like a product with P'. Note that we have inclusions

P(L) = P+ P(M)

coming from the projections L ® M — L, M. But P(£) and P(M) are simply X, so this gives
two divisors in P isomorphic to X. One can show that the normal bundle of P(£) in P is simply
M and vice versa.

Consider a scheme X with a subscheme Z with ideal sheaf J.
Definition C.10. The blow up of X along Z is the scheme
Xz = Proj(@ %)
k>0

which comes with a morphism to X. This morphism is the identity away from Z and the fibre of
Z is P(3/3%), the projective bundle of the conormal sheaf.

We will most often use these kind of schemes in a specific setting, to create a family over P!
where most fibres are simply X but a specific fibre consists of Xz and P(J/3% & Oz) glued along
P(3/3%).

Definition C.11. The deformation to the normal cone of Z in X is the blow up of X x P! along
Z x 0. The morphism to X x P! composed with the projection to the second factor make the
deformation to the normal cone into a family over P! of deformations of X.

We will in particular be interested in the special fibres of such deformations.

For more information on blow ups and the deformation to the normal cone, one can consult [26,
Section 2.7], [35, Section 2.5.1] and [18, Appendix B.6].
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