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Introduction

0.0.1. Motivation. This work grew out of our attempt to understand the ana-
logue in algebraic geometry of the fundamental paper of Quillen on the cobordism
of differentiable manifolds [28]. In this paper, Quillen introduced the notion of a
(complex) oriented cohomology theory on the category of differentiable manifolds,
which basically means that the cohomology theory is endowed with suitable Gysin
morphisms, and in particular gives the cohomology theory the additional struc-
ture of Chern classes for complex vector bundles. Quillen then observed that the
complex cobordism theory X +— MU*(X) is the universal such cohomology theory.

This new point of view allowed him to shed some new light on classical com-
putations in cobordism theory. He made more precise the computation by Milnor
and Novikov of the complex cobordism ring MU™* as a polynomial ring: it is in fact
the Lazard ring L of the universal formal group law defined and studied in [14].
The isomorphism

L=MU”

is obtained via the formal group law Fyp (U, V) on MU* defined as the expression
of the Chern class ¢1 (£ ® M) of a tensor product of line bundles as a power series
in ¢1(£) and ¢ (M) by the formula

ci(L@ M) = Fyu(ei(£L), cr(M)).

This result of Quillen is in fact a particular case of his main Theorem obtained
n [28]: for any differentiable manifold X, the L-module MU*(X) is generated by
the elements of non-negative degrees. We observe that this is highly non-trivial as
the elements of L, in the cohomology setting, are of negative degree!

Quillen’s notion of oriented cohomology extends formally to the category Smy
of smooth k-schemes, with &k a fixed field, see section 1.1. Our main achievement
here is to construct the universal oriented cohomology theory Q* on Smy, which
we call algebraic cobordism, and to prove the exact analogues of Quillen’s theorems
in this setting, at least over a field of characteristic zero. The computation

L = Q*(Spec (k))

is done in section 4.3, and the theorem asserting that Q*(X) is generated by ele-
ments of non-negative degrees is proved in section 4.4. Surprisingly, this result can
be precisely reformulated, in algebraic geometry, as the generalized degree formu-
laes conjectured by Rost. We will give on the way other applications and examples,
explaining for instance the relationship between our * and the K, functor of
Grothendieck or the Chow ring functor CH*.



x INTRODUCTION

It is fascinating to see that in the introduction of his paper Quillen acknowledges
the influence of Grothendieck’s philosophy of motives on his work. As a kind of
natural turnabout, our work is influenced by Quillen’s idea, which we bring “back”
to the “motivic” world; our work is in some sense the result of putting together
Quillen’s work [28] and Grothendieck’s work on the theory of Chern classes [9].
Indeed, if one relaxes the axiom from the paper of Grothendieck that the first
Chern class ¢; : Pic(X) — A'(X) is a group homomorphism, then in the light of
Quillen’s work, one has to discover algebraic cobordism.

0.0.2. Owverview. Most of the main results in this book were announced in
[18, 19], and appeared in detailed form in the preprints [16] by Levine and Morel
and the preprint [17] by Levine. This book is the result of putting these works
together!.

The reader should notice that we have made a change of convention on degrees
from [18, 19]; there our cohomology theories were assumed to be take values in the
category of graded commutative rings, and the push-forward maps were assumed
to increase the degree by 2 times the codimension, and of course the Chern classes
¢; were of degree 2i. This had the advantage of fitting well with the notation used
in topology. But as is clear from our constructions, we only deal with the even
part, and for notational simplicity we have divided the degrees by 2.

This book is organized as follows. In order to work in greater generality as in
[7], instead of dealing only with cohomology theories on smooth varieties, we will
construct 2* as an oriented Borel-Moore homology theory X +— Q,(X) for X a
finite type k-scheme.

In Chapter I, we introduce the notion of an oriented cohomology theory and
state our main results. In Chapter II, we construct algebraic cobordism over any
field as the universal “oriented Borel-Moore L,-functor of geometric type” on the
category of finite type k-schemes. These functors are endowed with projective push-
forwards, smooth pull-backs and action of the first Chern classes of line bundle. We
also define algebraic cobordism by explicit generators and relations.

In Chapter III of our work, we establish our fundamental technical result: the
localization theorem 1.2.8, when k admits resolution of singularities. The rest of
the Chapter III deduces from this theorem the standard properties of algebraic
cobordism such as: the projective bundle formula and the extended homotopy
invariance.

Chapter IV introduces the dual notions of weak oriented cohomology theories
and of weak oriented Borel-Moore homology theories. We then develop the theory
of Chern classes for these theories, give some applications, and then prove all the
theorems announced in the introduction. One should notice however that theo-
rems 1.2.2, and 1.2.6 are only proven here in the weaker form where one replaces
the notion of oriented cohomology theory by the notion of weak oriented cohomol-
ogy theory. One should observe however that the proofs of the other theorems such
as theorem 1.2.3, the various degree formulas and theorem 1.2.7) use only those
weak forms.

Chapters V and VI of this work deals with pull-backs. The difference between
the notion of oriented cohomology theories (considered above) and its dual notion
of oriented Borel-Moore homology theory introduced in Chapter V, and the notion

1The second author wishes to thank the first author very much for incorporating his part,
and for his work combining the two parts into a whole



INTRODUCTION xi

of weak oriented cohomology theories and its dual notion of Borel-Moore weak
homology theory is that the latter have only pull-backs for smooth morphisms
while the former have pull-backs for any local complete intersection morphisms
(such as any morphism between smooth k-schemes). The construction of pull-backs
in algebraic cobordism with respect to any local complete intersection morphism is
given in Chapter VI (assuming k admits resolution of singularities). We conclude
in Chapter VII by finishing the proofs of theorems 1.2.2 and 1.2.6, and extending
many of our results on the oriented cohomology of smooth schemes to the setting
of Borel-Moore homology of local complete intersection schemes.

0.0.3. Notations and conventions. Throughout this paper, we let & be an
arbitrary field, unless otherwise stated. We will usually, but not always, take
S = Speck.

For any X € Schg, we shall always denote by mx : X — S the structural
morphism. By a smooth morphism, we will always mean a smooth and quasi-
projective morphism. In particular, a smooth S-scheme will always be assumed to
be quasi-projective over S.

For a scheme X, we have the equivalence of the categories of vector bundles
over X with the category of locally free coherent sheaves on X, defined by sending
a vector bundle to its sheaf of sections. We will use this equivalence to pass freely
between vector bundles and locally free coherent sheaves.

We denote by Ox the structure sheaf over any scheme X and by Oy, or simply
O when no confusion can arise, the trivial line bundle over X. Given a Cartier
divisor D C X we let Ox (D) denote the invertible sheaf determined by D and
Ox (D) the line bundle whose Ox-module of section is Ox (D). For a vector bundle
E — X, we write Ox(E) for the sheaf of (germs of) sections of E.

For a locally free coherent sheaf £ on a scheme X, we let ¢ : P(§) — X
denote the projective bundle Projy (Symgp, (£)), and ¢*€ — O(1)¢ the canonical
quotient. For a vector bundle £ — X, we write P(E) for P(O(F)), and ¢*F —
O(1)g for the canonical quotient. For m > 0, O% will denote the trivial vector
bundle of rank n over X, and we write v, for the line bundle O(l)O;+l on P%.

If (Xo : X1) are the standard homogeneous coordinates on P! := Proj,Z[Xo, X1] ]
and a is an element of a commutative ring R, we write a for the R-valued point
(1 : a) of P, and oo for the point (0 : 1). Similarly, we use the coordinate
z:= X1/Xp to identify P} \ oo with AL.

We let Ab, denote the category of graded abelian groups where we put the
index down and we let Ab* denote the category of graded abelian groups where
we put the index up. We will identify these two categories using the functor M, —
M~*. For a functor F' defined on a sub-category of Schy, we will usually write F'(k)
instead of F(Speck).






CHAPTER 1

Cobordism and oriented cohomology

In this chapter, we introduce the axiomatic framework of oriented cohomology
theories, and state our main results.

1.1. Oriented cohomology theories

Fix a base scheme S. We denote by Schg the category of separated schemes
of finite type over S and by Smyg its full subcategory consisting of smooth quasi-
projective S-schemes. For z € Z € Smg we denote by dimg(Z, z) the dimension
over S of the component of Z containing z

Let d € Z be an integer. A morphism f : Y — X in Smg has relative dimension
d if, for each y € Y, we have dimg(Y,y) — dimg (X, f(y)) = d. We shall also say in
that case that f has relative codimension —d.

For a fixed base-scheme S, V will usually denote a full subcategory of Schg
satisfying the following conditions
(1.1.1)

(1) S and the empty scheme are in V.

(2) Y — X is a smooth quasi-projective morphism in Schg with X € V,
then Y € V.

(3) If X and Y are in V, then so is the product X xg Y.

(4) I X and Y arein V, sois X [[Y.

In particular, V contains Smg. We call such a subcategory of Schg admissible.

DEFINITION 1.1.1. Let f: X — Z, g: Y — Z be morphisms in an admissible
subcategory V of Schg. We say that f and g are transverse in V if

(1) Tor$%(Oy,0x) =0 for all ¢ > 0.
(2) The fiber product X xz Y is in V.

If V = Smg we just say f and g are transverse; if ¥V = Schg, we sometimes say
instead that f and g are Tor-independent.

We let R* denote the category of commutative, graded rings with unit. Observe
that a commutative graded ring is not necessarily graded commutative. We say
that a functor A* : (Smg)°® — R* is additive if A*(0)) = 0 and for any pair
(X,Y) € (Smg)? the canonical ring map A*(X 1Y) — A*(X) x A*(Y) is an
isomorphism.

For a vector bundle £ — X on a scheme X, we have the projective bundle
q: P(E) — X representing the functor of rank one quotients of E. If £ is the sheaf
of sections of E, then P(FE) = Proj(Sym*(£)). We let O(1) — P(E) denote the
canonical quotient line bundle of ¢* E.

The following notion is directly taken from Quillen’s paper [28]:

1



2 I. COBORDISM AND ORIENTED COHOMOLOGY

DEFINITION 1.1.2. Let V be an admissible subcategory of Schg. An oriented
cohomology theory on V is given by
(D1). An additive functor A* : V°P — R*.
(D2). For each projective morphism f :Y — X in V of relative codimension d,
a homomorphism of graded A*(X)-modules:

fo: A7(Y) = AH(X)
Observe that the ring homomorphism f* : A*(X) — A*(Y) gives A*(Y)
the structure of an A*(X)-module.
These satisfy
(Al). One has (Idx). = Ida-(x) for any X € V. Moreover, given projective

morphisms f:Y — X and g: Z — Y in V, with f of relative codimension
d and g of relative codimension e, one has

(fog)s = fuoge: A(Z) — A™FHe(X).

(A2). Let f: X — Z, g: Y — Z be transverse morphisms in V, giving the
cartesian square

/

w—2-x
il f

g9

Suppose that f is projective of relative dimension d (thus so is f’). Then
g f. = fig"

(PB). Let E — X be a rank n vector bundle over some X in V, O(1) — P(E)
the canonical quotient line bundle with zero section s : P(E) — O(1). Let
1 € A°(P(E)) denote the multiplicative unit element. Define ¢ € A (P(E))
by

€= 5 (5,(1)).

Then A*(P(E)) is a free A*(X)-module, with basis

(1’ §7 R ,€7L_1).
(EH). Let E — X be a vector bundle over some X in V, and let p: V — X be
an E-torsor. Then p* : A*(X) — A*(V) is an isomorphism.
A morphism of oriented cohomology theories on V is a natural transformation of
functors V°P — R* which commutes with the maps f..

The morphism of the form f* are called pull-backs and the morphism of the
form f, are called push-forwards. Axiom (PB) will be refered to as the projective
bundle formula and axiom (EH) as the extended homotopy property.

We now specialize to S = Speck, V = Smy, k a field. Given an oriented
cohomology theory A*, one may use Grothendieck’s method [9] to define Chern
classes ¢;(E) € AY(X) of a vector bundle E — X of rank n over X as follows.
Using the notations of the previous definition, axiom (PB) implies that there exists
unique elements ¢;(E) € AY(X), i € {0,...,n}, such that ¢o(E) =1 and

D (DBt =o.

=0
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One can check all the standard properties of Chern classes as in [9] using the axioms
listed above (see §4.1.7 for details). Moreover, these Chern classes are characterized
by the following properties:
1) For any line bundle L over X € Smy, c¢;(L) equals s*s.(1) € AY(X),
where s : X — L denotes the zero section.
2) For any morphism ¥ — X € Smy, and any vector bundle E over X, one
has for each 1 > 0

¢i(fE) = f*(a(E)).
3) Additivity formula: if
0—-F —E—-FE'—0

is an exact sequence of vector bundles, then one has for each integer n > 0:

Z E/ Cn l E//)
=0

Sometime, to avoid confusion, we will write c¢{!(E) for the Chern classes of E com-
puted in the oriented cohomology theory A*.

The fundamental insight of Quillen in [28], and the main difference with Gro-
thendieck’s axioms in [9], is that it is not true in general that one has the formula

C1(L X M) = C1(L) + Cl(M)
for line bundles L and M over the same base. In other words the map
c1: Pic(X) — AY(X), L — ¢ (L),

is not assumed to be a group homomorphism, but only a natural transformation
of pointed sets. In fact, a classical remark due to Quillen [28, Proposition 2.7]
describes the way ¢; is not additive as follows (see proposition 5.2.4 below for a
proof of this lemma):

LEMMA 1.1.3. Let A* be an oriented cohomology theory on Smy. Then for
any line bundle L on X € Smy the class c¢i(L)" vanishes for n large enough.
Moreover, there is a unique power series

Fa(u,v) = Za”u UJGA*(IC)[[ v]]

with a; ; € A==3(K), such that, for any X € Smy and any pair of line bundles
L,M on X, we have
Fa(er(L),c1(M)) =1 (L@ M).

In addition, the pair (A*(k), Fa) is a commutative formal group law.

Recall from [14] that a commutative formal group law of rank one with coeffi-
cients in A is a pair (A, F') consisting of a commutative ring A and a formal power

series o
F(u,v) = Zai)j u'v? € Alfu, v
]
such that the following holds:
(1) F(u,0) = F(0,u) = u € A[[ul].

Un fact we will prove later on that n > dimy(X) suffices; this follows from theorem 2.3.13
and proposition 5.2.4.
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(2) F(u,v) = F(v,u) € Al[u,v]].

(3) F(u,F(v,w)) = F(F(u,v),w) € Alu,v,w]].
These properties of F4 reflect the fact that, for line bundles L, M, N on X € Smy,
one has (denoting by Ox the trivial line bundle of rank one over X):

7. L®Ox =0x®L=1L EPiC(X).

2. LeM=M®L € Pic(X).

3. Le(M@N)=(L®M)®N € Pic(X).

Lazard pointed out in [14] that there exists a universal commutative formal
group law of rank one (I, F1,) and proved that the ring L (now called the Lazard
ring) is a polynomial ring with integer coefficients on a countable set of variables
x;, 7 > 1. The construction of (IL, F}) is rather easy. Set L := Z[{A4, ;| (i,7) € N?}],
and F(u,v) = >y Aig u'v? € L[[u,v]]. Then define L to be the quotient ring of
L by the relations obtained by imposing the relations (1), (2) and (3) above to F,
and let

= Zai’j u'v? € Lf[u,v]]
i,j
denote the image of F' by the homomorphism L — L. It is clear that the pair
(L, F1) is the universal commutative formal group law of rank one, which means
that to define a commutative formal group law of rank one (F, A) on A is equivalent
to define a ring homomorphism ¢z : L — A.

The Lazard ring can be graded by assigning the degree i+ j —1 to the coefficient
a;,;. We denote by L, this commutative graded ring. We could as well have graded
it by assigning the degree 1 —4 — j to the coefficient a; ;, in which case we denote
by L* the corresponding commutative graded ring. For instance L. = Ly = Z and
L—™=L,=0ifn<0.

One can check then that for any oriented cohomology theory A* the homomor-
phism of rings induced by the formal group law given by lemma 1.1.3 is indeed a
homomorphism of graded rings

(I)A:L* —>A*(l€

)

EXAMPLE 1.1.4. The Chow ring X — CH*(X) is a basic example of oriented
cohomology theory on Smy; this follows from [7]. In that case, the formal group
law obtained on Z = CH*(k) by lemma 1.1.3 is the additive formal group law
Fo(u,v) =u+wv.

ExXAMPLE 1.1.5. Another fundamental example of oriented cohomology theory
is given by the Grothendieck K® functor X + K9(X), where for X a smooth
k-scheme, K°(X) denotes the Grothendieck group of locally free coherent sheaves
on X. For € a locally free sheaf on X we denote by [£] € K°(X) its class. The
tensor product of sheaves induces a unitary, commutative ring structure on K°(X).
In fact we rather consider the graded ring K°(X)[3,37!] := K%(X) ®z Z[3, 37],
where Z[3, 7] is the ring of Laurent polynomial in a variable 3 of degree —1.

It is endowed with pull-backs for any morphism f : Y — X by the formula:

frer-6") =111 "
for £ a locally free coherent sheaf on X and n € Z. We identify K°(X) with the

Grothendieck group Go(X) of all coherent sheaves on X by taking a finite locally
free resolution of a coherent sheaf (X is assumed to be regular). This allows one to
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define push-forwards for a projective morphism f : Y — X of pure codimension d
by the formula

F[€]- B7) == SR £ (E)] - 8" € Ko(X)[8, 7]

for £ a locally free sheaf on Y and n € Z. One can easily check using standard
results that this is an oriented cohomology theory.

Moreover, for a line bundle L over X with with projection 7w : L — X, zero
section s : X — L and sheaf of sections £, one has

s"(s:(1x)) = 8™ ([Osx)]671) = s"(L = [7*(£)")B~" = (1~ [£¥])5 "
so that (L) := (1 — [£Y])3~1. We thus find that the associated power series Fi¢
is the multiplicative formal group law
F,(u,v) :=u+v— Puv
as this follows easily from the relation
I-[(LeM)’])=0-[L])+ 1 - [M]) -1 [LDA - [M])
in K°(X), where £ and M are invertible sheaves on X.

1.2. Algebraic cobordism

DEFINITION 1.2.1. Let A* be an oriented cohomology theory on Smy with
associated formal group law F4.

1) We shall say that A* is ordinary if Fa(u,v) is the additive formal group
law.

2) We shall say that A* is multiplicative if Fa(u,v) = u+ v — buv for some
(uniquely determined) b € A~!(k); we shall say moreover that A* is peri-
odic if b is a unit in A*(k).

Our main results on oriented cohomology theories are the following three theo-
rems. In each of these statements, A* denoted a fixed oriented cohomology theory
on Smy,:

THEOREM 1.2.2. Let k be a field of characteristic zero. If A* is ordinary then
there exists one and only one morphism of oriented cohomology theories

I CH* — A*,
THEOREM 1.2.3. Let k be a field. If A* is multiplicative and periodic then there
exists one and only one morphism of oriented cohomology theories
9K KOp, 371 — A*.

Theorem 1.2.2 says that, in characteristic zero, the Chow ring functor is the
universal ordinary oriented cohomology theory on Smy. It seems reasonable to
conjecture that this statement still holds over any field. Theorem 1.2.3 says that
K°[3, 371] is the universal multiplicative and periodic oriented cohomology theory
on Smy,.

REMARK 1.2.4. The classical Grothendieck-Riemann-Roch theorem can be eas-
ily deduced from theorem 1.2.3, see remark 4.2.11.
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REMARK 1.2.5. Using theorem 1.2.3 and the fact that for any smooth k-scheme
the Chern character induces an isomorphism

ch: K°X)®Q=CH(X)®Q

(where CH denotes the ungraded Chow ring), it is possible to prove Q-versions of
theorem 1.2.2 and theorem 1.2.6 below over any field.

Well-known examples of ordinary cohomology theories are given by the “clas-
sical” ones: the even part of étale f-adic cohomology theory (with ¢ # char(k) a
prime number), the de Rham cohomology theory over a field of characteristic zero,
the even part of Betti cohomology associated to a complex embedding of the base
field. In some sense theorem 1.2.2 and its rational analogue over any field explains,
a priori, the existence of the cycle map in all these classical cohomology theories.

The following result introduces our main object of study:

THEOREM 1.2.6. Assume k has characteristic zero. Then there exists a uni-
versal oriented cohomology theory on Smy, denoted by

X — Q"(X),

which we call algebraic cobordism. Thus, given an oriented cohomology theory A*
on Smy, there is a unique morphism

9: Q" — A"
of oriented cohomology theories.

In addition, we have two main results describing properties of the universal
theory ©* which do not obviously follow from universality. The first may be viewed
as an algebraic version of Quillen’s identification of MU*(pt) with Lz:

THEOREM 1.2.7. For any field k of characteristic zero, the canonical homo-
morphism classifying Fo
O L* — Q" (k)
is an tsomorphism.

The second reflects the strongly algebraic nature of Q*:

THEOREM 1.2.8. Leti: Z — X be a closed immersion between smooth varieties
over k, d the codimension of Z in X and j : U — X the open immersion of the
complement of Z. Then the sequence

- x

Q7)) 5 Qf(X) L QF(U) — 0
s exact.

The construction of 2* is directly inspired by Quillen’s description of complex
cobordism [28]: For f :Y — X a projective morphism of codimension d from a
smooth k-scheme Y to X denote by [f : Y — X]4 € A4(X) the element f,(1y).
For each X, Q4(X) is generated as a group by the isomorphism classes of projective
morphisms Y — X of codimension d with Y smooth. The morphism ¢ necessarily
maps f:Y — X to [f : Y — X]a, which proves uniqueness of ¢. Observe that
Q" (X) =0 for n > dim(X). When X = Speck we simply denote by [Y] € Q~4(k)
and [Y]a € A~%(k) the class of the projective smooth variety ¥ — Speck of
dimension d.
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REMARK 1.2.9. One should note that the relations defining 2* are not just
the obvious “algebraization” of the complex cobordism relations. Indeed, one can
consider projective morphisms of the form f : Y — X x P! with Y smooth and f
transverse to the inclusion X x {0,1} — X xPL. Letting fo: Yo — X, f1: V1 — X
be the pull-backs of f via X x 0 — X x P! and X x 1 — X x P!, respectively, we
do have the relation

[fo:Yo— X]=[f1: Y1 — X]

in Q*(X). However, imposing only relations of this form on the free abelian group
of isomorphism classes of projective morphisms f : Y — X (with Y irreducible and
smooth over k) does not give Q*(X), even for X = Spec k, and even for algebraically
closed k. To see this, consider Q7 1(k), i.e., the part of Q*(k) generated by the
classes of smooth projective curves C' over k. Clearly, the genus and the number of
(geometrically) connected components is invariant under the “naive” cobordisms
given by maps Y — P!, but we know that L~ = Z, generated by the class of P!.
Thus, if one uses only the naive notion of algebraic cobordism, it would not be
possible to make a curve of genus g > 0 equivalent to (1 — g)P!, as it should be.

EXAMPLE 1.2.10. In [28], Quillen defines a notion of complez oriented cohomol-
ogy theory on the category of differentiable manifolds and pointed out that complex
cobordism theory X — MU*(X) can be interpreted as the universal such theory.
Our definition 1.1.2 is so inspired by Quillen’s axioms that given a complex imbed-
ding o : k — C, it is clear that the functor X — MU?%**(X,(C)) admits a canonical
structure of oriented cohomology theory (X, (C) denoting the differentiable mani-
fold of complex points of X x; C). From the universality of algebraic cobordism
we get for any X € Smy, a canonical morphism of graded rings

Q" (X) — MU*(X,(C)).
Given a complex embedding ¢ : k& — C the previous considerations define a
ring homomorphism
TP O — MU,
In very much the same way, given an extension of fields £ C K and a k-scheme

X denote by Xk the scheme X Xgpec 1 Spec K. For any oriented cohomology theory
A* on Smy, the functor

(Smy)” — R*, X — A*(Xg)

is an oriented cohomology theory on Smy,. In particular, we get natural morphisms
O*(X) — Q*(Xg), giving in the case X = Speck a canonical ring homomorphism

Theorem 1.2.7 easily implies:

COROLLARY 1.2.11. Let k be a field of characteristic zero.

(1) Given a complex embedding o : k — C the canonical homomorphism
P . O (k) — MU (pt)

s an isomorphism.
(2) Given a field extension k C F, the canonical homomorphism

O (k) — Q* (F)

18 an isomorphism.
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REMARK 1.2.12. Suppose char(k) = 0. Let X be a smooth irreducible quasi-
projective k-scheme, with field of functions K. One then has a canonical homo-
morphism of rings Q*(X) — Q*(K) defined as the composition of the canonical
morphism Q*(X) — Q*(Xx) (extension of scalars) with the restriction Q*(Xg) —
Q*(K) to the tautological K-point of Xg. It corresponds to “taking the generic
fiber” in the sense that given a projective morphism f : Y — X of relative codimen-
sion d and generic fiber Y — Spec K, a smooth projective K-scheme, its image
by the previous homomorphism is the class [Y] € Q¢(K).

The composition Q*(k) — Q*(X) — Q*(K) is an isomorphism by corol-
lary 1.2.11(2). We denote by

deg : Q% (X) — Q* (k)

the composition of 2*(X) — Q*(K) and the inverse isomorphism Q*(K) — Q*(k).
Now, for a morphism f : Y — X of relative codimension 0, we have the degree of f,
denoted deg(f), which is zero if f is not dominant and equal to the degree of the
field extension k(X) — k(Y) if f is dominant. We observe that 2°(k) is canonically
isomorphic to Z and that through this identification, deg([f : Y — X]) = deg(f)
in case f has relative codimension zero.

From theorem 1.2.8 and corollary 1.2.11 we get the following result, which
is a very close analogue of the fundamental results in [28] concerning complex
cobordism.

COROLLARY 1.2.13. Let k be a field of characteristic zero and let X be in Smy,.
Then Q*(X) is generated as an L*-module by the classes of non-negative degrees
(Recall that IL* is concentrated in degrees < 0).

Indeed corollary 1.2.11, with F' = k(X), implies that a given element n € Q*(X)
is “constant” over some open subscheme j : U — X of X:

J*n =deg(n) - 1y.

By theorem 1.2.8, the difference n—deg(n)-1x comes from Q* of some proper closed
subscheme Z (after removing the singular locus of Z), and noetherian induction
completes the proof. In fact, since each reduced closed subscheme Z of X has a
smooth birational model Z — Z, we get the following more precise version, which
we call the generalized degree formula:

THEOREM 1.2.14. Let k be a field of characteristic zero. Let X be in Smy.
For each closed integral subscheme Z C X let Z — Z bea projective birational
morphism with Z smooth quasi-projective over k and [Z — X| € Q*(X) denote the
class of the projective morphism Z — X. Then 0*(X) is generated as an L*-module
by the classes [Z — X].

In particular, for any irreducible X € Smy, Q*(X) is generated as an L*-
module by the unit 1 € Q°(X) and by the elements [Z — X| with dim(Z) < dim(X),
that is to say of degrees > 0 in Q*(X). More precisely, for n € Q*(X), there are
integral proper closed subschemes Z; of X, and elements o; € Q*(k), i =1,...,r,
such that

(1.2.1) n = deg(n) - [Idx] + Zai 2 — X).
i=1
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Given a smooth projective irreducible k-scheme X of dimension d > 0, Rost
introduces (see [21]) the ideal M(X) C L* = Q*(Speck) generated by classes
[Y] € L* of smooth projective k-schemes Y of dimension < d for which there
exists a morphism Y — X over k. The following result establishes Rost’s degree
formula as conjectured in [21]. Tt is an obvious corollary to theorem 1.2.14 and
remark 1.2.12.

THEOREM 1.2.15. Let k be a field of characteristic zero. For any morphism
f:Y — X between smooth projective irreducible k-schemes the class [Y]—deg(f)[X]
of L* lies in the ideal M (X). In other words, one has the following equality in the
quotient ring L* /M (X):

[¥] = deg(f) - [X] € L*/M(X).
We shall also deduce the following
THEOREM 1.2.16. Let k be a field of characteristic zero. Let X be a smooth

projective k-variety.
(1) The ideal M(X) is a birational invariant of X.
(2) The class of X modulo M (X):
[X] e L*/M(X)

s a birational invariant of X as well.

For instance, let d > 1 be an integer and Ny the d-th Newton polynomial in
the variables c¢1,...,cq. Recall that if we consider the ¢;’s as the d elementary
symmetric functions in the x1,..., x4, then

Na(er,...,ca) = Szl
If X is smooth projective of dimension d, we set
Sd(X) = —degNd(Tx) € Z,

Tx denoting the tangent bundle of X and deg : CHd(X ) — Z the usual degree
homomorphism. One checks that if X and Y are smooth projective k-scheme of
dimension d and d’, one has Sy1a(X xY) =0 if both d > 0 and d’ > 0. We also
know (see [2]) that if d is of the form p™ — 1 where p is a prime number and n > 0,
then s4(X) := % is always an integer. In that case, using theorem 1.2.14 and
observing that if dim(Z) < d then s4([W]-[Z]) # 0 implies dim(Z) = 0 one obtains
the following result:

COROLLARY 1.2.17. Let f : Y — X be a morphism between smooth projective
varieties of dimensions d > 0. Assume that d = p™ — 1 where p is a prime number
and n > 0. Then there exists a 0-cycle on X with integral coefficients whose degree
is the integer

sa(Y) — deg(f) - sa(X).

This formula was first proven by Rost?, and then generalized further by Borgh-
esi [3].
Consider now the graded ring homomorphisms

d,:L" —=7Z

2y, Voevodsky had considered weaker forms before.
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and
®,, : L* — Z[3, 871
classifying the respectively the additive and multiplicative formal group laws.
Theorem 1.2.6 obviously implies that, over a field of characteristic zero, the
ordinary oriented cohomology theory

X - Q" (X) @ Z

obtained by extension of scalars from Q* via ®,, is the universal ordinary oriented
cohomology theory. In the same way theorem 1.2.6 implies that, over a field of
characteristic zero, the multiplicative oriented cohomology theory

X = Q°(X) @ Z[6, 57

obtained by extending the scalars from Q* via ®,, is the universal multiplicative
periodic oriented cohomology theory. Over a field of characteristic zero, we get
from theorem 1.2.6 canonical morphisms of oriented cohomology theories

Q* — CH”
and
Q- K°[3,571].
We immediately deduce from theorems 1.2.3 and 1.2.6 the following result:

THEOREM 1.2.18. Over a field of characteristic zero, the canonical morphism
@ — K°[3,87]
induces an isomorphism
O @ Z[6, 571 = K°[6, 7.

Theorem 1.2.18 is the analogue of a well-known theorem of Conner and Floyd
[4]. Theorems 1.2.2 and 1.2.6 similarly imply the analogous relation between Q*
and CH*:

THEOREM 1.2.19. Let k be a field of characteristic zero. Then the canonical
morphism
Q* — CH”
induces an isomorphism
Q" @« Z — CH™.

In fact, we prove theorem 1.2.19 before theorem 1.2.2, using theorem 1.2.3, theo-
rem 1.2.6, theorem 1.2.7 and some explicit computations of the class of a blow-up
of a smooth variety along a smooth subvariety. We then deduce theorem 1.2.2 from
theorems 1.2.6 and 1.2.19.

REMARK 1.2.20. The hypothesis of characteristic zero in theorems 1.2.6, and
the related theorem 1.2.18 is needed only to allow the use of resolution of singulari-
ties, and so these results are valid over any field admitting resolution of singularities
in the sense of Appendix A. Theorem 1.2.7 uses resolution of singularities as well
as the weak factorization theorem of [1] and [35]. Thus theorems 1.2.2 and 1.2.19
rely on both resolution of singularities and the weak factorization theorem.

Our definition of the homomorphism deg, on the other hand, relies at present
on the generic smoothness of a morphism ¥ — X of smooth k-schemes, hence
is restricted to characteristic zero, regardless of any assumptions on resolution of
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singularities. Thus, the explicit formula (1.2.1) in theorem 1.2.14 relies on char-
acteristic zero for its very definition. Since the proof of theorem 1.2.19 relies on
theorem 1.2.14, this result also requires characteristic zero in the same way.

REMARK 1.2.21. Theorem 1.2.19, together with the natural transformation
described in example 1.2.10, immediately implies a result of B. Totaro [31] con-
structing for any smooth C-variety X, a map

CH*(X) —» MU**(X) ®- Z

factoring the topological cycle class map CH*(X) — H?*(X,Z) through the natural
map MU (X) ®L- Z — H*(X,Z).

REMARK 1.2.22. Unoriented cobordism. Let X +— MO*(X) denote unoriented
cobordism theory and MO* := MO*(pt) the unoriented cobordism of a point, as
studied by Thom [30]. Given a real embedding o : k — R, then for any smooth k-
scheme X of dimension d denote by X,,(R) the differentiable manifold (of dimension
d) of real points of X. Then clearly, the assignment

X — [X,(R)] € MO*(X)

has a structure of oriented cohomology theory on Smy (one can use [28]; observe
in that case that the associated theory of Chern classes is nothing but the theory of
Stiefel-Whitney classes in M O*(X)). Thus we get from universality of * a natural
transformation
0 (X) = MO (X, (R))
From theorem 1.2.7 we thus get for any real embedding k¥ — R a natural homo-
morphism:
\I’kHR : ]L* = Q*(k) — MO*

which (using corollary 1.2.11) doesn’t depend on k, so that we assume k = R. Then
Ug : L* = Q*(SpecR) — MO*, is the map which sends the class [X] of a smooth
projective variety X over R to the unoriented class of the differentiable manifold
X (R) of real points.

From [28], the theory of Stiefel-Whitney classes in M O* defines an isomorphism
of rings

L*/[2] - MO*

where [2] denotes the (coefficients of the) power series [2](u) := FL(u, ). One easily
checks that the induced epimorphism LL.* — MO* is the homomorphism Wy above.

From all this follows a geometric interpretation of the map ¥ : L* — L*/[2]
using the identifications L* = Q*(R) = MU?** and L*/[2] = MO*: let z € MU?"
be an element represented by a smooth projective variety X over R. Then ¥(x) is
equal to the unoriented cobordism class [X (R)] (which thus only depends on x).

1.3. Relations with complex cobordism

At this point, let’s give some heuristic explanation of the whole picture.

For X a finite CW-complex, one can define its singular cohomology groups
with integral coefficients H*(X;Z), its complex K-theory K*(X), and its complex
cobordim MU*(X) (see [2], for instance). These are complex oriented cohomology
theories, they admit a theory of Chern classes and the analogue of lemma 1.1.3
implies the existence of a canonical ring homomorphism from L* to the coefficient
ring of the theory (which double the degrees with our conventions).
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Quillen in [27] refined Milnor’s [20] and Novikov’s [24] computations that
that the complex cobordism MU* of a point is a polynomial algebra with integral
coefficient by showing that the map

(I)top . L* N MUQ*
is an isomorphism (here we mean that ®%°P double the degrees and that the odd
part of MU™* vanishes). Then in [28], Quillen produced a geometric proof of that
fact emphasizing that MU* is the universal complex oriented cohomology theory
on the category of differentiable manifolds.

The theorem of Conner-Floyd [4] now asserts that for each CW-complex X the
map

MU*(X) @ Z[3, 87"] — K*(X)
is an isomorphism (beware that in topology 3 has degree —2).
However, in general for a CW-complex X the homomorphism

MU*(X) @ Z — H*(X;Z)

is not an isomorphism (not even surjective), even when restricted to the even part.
Thus contrary to theorem 1.2.18, theorem 1.2.19 has no obvious counterpart in
topology.

To give a heuristic explanation of our results we should mention that for
smooth varieties over a field singular cohomology is replaced by motivic cohomol-
ogy H**(X;Z), complex K-theory by Quillen’s algebraic K-theory K**(X) and
complex cobordism by the theory M GL** represented by the algebraic Thom com-
plex MGL (see [34]). Observe here that the theories takes values in the category
of bigraded rings, the first degree corresponding to the cohomological degree and
the second to the weight. Then in that case one should still have the Conner-Floyd
isomorphism?

MGL**(X) ®L- Z[3, 7] = K**(X)Z[B, 371

for any simplicial smooth k-variety X (beware here that 3 has bidegree (—2,—1)).
However the map MGL**(X) Q- Z — H**(X) would almost never be an iso-
morphism. Instead one expects a spectral sequence? from motivic cohomology to
MGL**(X); the filtration considered in §4.5.2 should by the way be the one induced
by that spectral sequence. Then theorem 1.2.19 is explained by the degeneration
of this spectral sequence in the area computing the bidegrees of the form (2n,n).

In fact, the geometric approach taken in the present work only deal with bide-
grees of the form (2n,n). Indeed, one can check that for any oriented bigraded
cohomology theory A** in that setting the associated functor X — @, A?™""(X)
(graded by n) has a structure of oriented cohomology theory on Smy in our sens.
In particular one gets morphisms Q*(X) — @, MGL*""(X) which we conjecture
to be an isomorphism.

We are hopeful that our geometric approach can be extended to describe the
whole bigraded algebraic cobordism, and that our results are only the first part of
a general description of the functor M GL**.

3This has been proven over any field by the second author jointly with M. Hopkins,
unpublished.

4This spectral sequence has been announced in characteristic zero by the second author
jointly with M. Hopkins, in preparation.



CHAPTER II

The definition of algebraic cobordism

The basic structures that we emphasize in Chapter II consists of three types of
operations: push-forwards f, for projective morphisms, pull-backs f* for smooth
morphisms, and a first Chern class endomorphism ¢ (L) for each line bundle L.

In §2.1 we develop the required formalism of oriented Borel-Moore functors
which encodes these three structures. In §2.4 we give the definition of algebraic
cobordism as the universal oriented Borel-Moore functor satisfying some explicit
geometric axioms. In the rest of Chapter II we give some basic computations and
some elementary properties.

In this chapter k is an arbitrary field and V is an admissible subcategory of
Schy, (1.1.1). We let V' denote the subcategory of V whose morphisms are the
projective morphisms.

2.1. Oriented Borel-Moore functors
2.1.1. Push-forwards, pull-backs and first Chern classes.

DEFINITION 2.1.1. A functor H, : V' — Ab, is called additive if for any finite
family (X7,...,X,) of finite type k-schemes, the homomorphism

O Ha(Xi) — Hio (I, X;)

?

induced by the (projective) morphisms X; C II7_; X; is an isomorphism. Observe
that in particular we must have

H,(0) =0.

DEFINITION 2.1.2. An oriented Borel-Moore functor on V is given by:

(D1). An additive functor H, : V' — Ab,.
(D2). For each smooth equi-dimensional morphism f : Y — X in V of relative
dimension d a homomorphism of graded groups

F7 i HA(X) = Hera(Y).
(D3). For each line bundle L on X a homomorphism of graded abelian groups:
é1(L): Ho(X) — H.1(X).

These data satisty the following axioms:

(A1). For any pair of composable smooth equi-dimensional morphisms (f : Y —
X,g9:7Z —Y) respectively of dimension d and e, one has

(fog)* =g o f*: H(X) — Hiurqre(2),
and Idy = Idy, (x) for any X € V.

13
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(A2). Let f: X — Z,g:Y — Z be morphisms in V, giving the cartesian square

/

w—1>x

I

YT>Z.

Suppose that f is projective and g is smooth and equi-dimensional. Then
9" f=fig".
(A3). Given a projective morphism f:Y — X and a line bundle L over X, one
has

feo&r(f*L) =é&(L)o fu
(A4). Given a smooth equi-dimensional morphism f : Y — X and a line bundle
L over X, one has

G (f*L)o f* = f*oci(L).
(A5). Given line bundles L and M on X € V one has:
G1(L) 0 &1(M) = & (M) o & (L).
Moreover, if L and M are isomorphic, then é (L) = &, (M).

REMARK 2.1.3. Let L — X be a line bundle on some X € V, and let £ be
the invertible sheaf of sections of L. As a matter of notation, we define ¢;(£) :
H,.(X) — H._1(X) to be ¢1(L).

Given an oriented Borel-Moore functor H, and a projective morphism f:Y —
X the homomorphism f, : H,(Y) — H,(X) is called the push-forward along f.
For a smooth equi-dimensional morphism f : Y — X of relative dimension d ,
the homomorphism f* : H.(X) — H.4(Y) is called the pull-back along g. And
for a line bundle L on X, the homomorphism ¢ (L) is called the first Chern class
operator of L.

A morphism ¢ : G, — H, of oriented Borel-Moore functors is a natural trans-
formation 9 : G, — H, of functors V' — Ab, which moreover commutes with the
smooth pull-backs and the operators ¢;.

REMARK 2.1.4. Any oriented Borel-Moore functor A.(—) on some admissible
subcategory W of Schy defines by restriction an oriented Borel-Moore functor on
all admissible YV C W.

Conversely, an oriented Borel-Moore functor A, on Smy, determines an oriented
Borel-Moore functor AZM on Schy, as follows.

One first takes ABM(Y)) for Y smooth to be A,.(Y). Then for any finite type
k-scheme X, we consider the category C/X whose objects are projective morphisms
Y — X with ¥ smooth and morphisms from Z — X to Y — X are (projective)
morphisms Z — Y over X. Then one sets

APM(X) = colimy ., xec/x A« (Y).
Push-forward morphisms f, : ABM(Y) — ABM(X) for a projective morphism

f:Y — X in Schy, pull-backs along smooth equi-dimensional morphisms, action
of ¢ (L) and external products are induced in the obvious way by the same operation
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on the subcategory of smooth k-schemes. All the axioms are easy consequences of
those on the category Smy.

Of course, the restriction of the oriented Borel-Moore functor A2 to Smy,,
equals A,. But the converse of course is not true in general. Given an oriented
Borel-Moore functor A, on V and given X € V there is a canonical morphism

APM(X) = colimy _xec/x Ax(Y) 24, A.(X),
which defines a morphism of oriented Borel-Moore functors on V. In general this
is not an isomorphism. In case ¢4 is surjective, we shall say that A, is generated
by smooth schemes and if ¢4 is an isomorphism shall say that A, is detected by
smooth schemes

For X a scheme of finite type over k, denote by M(X) the set of isomorphism
classes (over X) of projective morphisms ¥ — X with Y in Smy; M(X) becomes a
monoid for the disjoint union. We let M7} (X) denote its group completion graded
by the dimension over k of the Y’s. Given a projective morphism f :Y — X with
Y smooth, we let either [f : Y — X], or [V — X] or [f], depending on the context,
denote the image of f : Y — X in M (X). We observe that the class of the empty
scheme ) — X is [ — X] = 0 and that M (X) is the free abelian group on classes
[Y — X] with Y — X projective and Y smooth and irreducible.

Given a projective morphism f : X — X’ in Schy, composition with f de-
fines a graded group homomorphism f, : M} (X) — M} (X’). Given a smooth
equi-dimensional morphism f : X’ — X, of relative dimension d, one has the ho-
momorphism f* : M (X) — M, (Y),[Z - X] — [Z xx Y — Y]. It is casy to
check that the operations f. and f* satisfies axioms (A1) and (A2) of the above
definition.

Let H., be an oriented Borel-Moore functor on some admissible ¥V C Sch; and
choose an element a € Hy(k). Following Quillen, we construct a canonical natural
transformation

Vg M;" — H,
of functors V' — Ab, as follows: for each projective morphism f : Y — X in V
with Y smooth and irreducible, set

Vaallf Y = X]) = fromy(a),

where my @ Y — Speck denotes the structural morphism. Clearly ¥y, is also
natural with respect to smooth pull-backs in V.

REMARK 2.1.5. It would have been possible to define algebraic cobordism work-
ing only with M (X) (see lemma 2.5.11). Instead we will consider a slightly
more sophisticated theory, mainly the universal oriented Borel-Moore functor X +—
Z,(X) which we are going to construct; Z, is obtained from M} by formally adding
the first Chern classes operator. This approach simplifies the definition of algebraic
cobordism.

DEFINITION 2.1.6. Let X be a k-scheme of finite type.

(1) A cobordism cycle over X is a family (f:Y — X, Lq,...,L,) consisting of:
(a) a projective morphism f :Y — X with Y integral, smooth over k.
(b) a finite sequence (L1, ..., L,) of r line bundles over Y (this sequence has
to be interpreted as empty if r = 0).
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The dimension of (f : Y — X, Ly,..., L) is dimg(Y) — r € Z.

(2) An isomorphism ® of cobordism cycles
(Y = X,Li,....L,) = (Y — X,L},...,L.)
is a triple ® = (¢: Y = Y’ 0, (41, ...,%,)) consisting of:
(a) an isomorphism ¢ : Y — Y’ of X-schemes.
(b) a bijection o : {1,...,r} =2 {1,...,7'} (so that r must equal ).
(c) for each i € {1,...,r} an isomorphism of line bundles over Y: 1); : L; =

" (L, ))-

(3) We let C(X) be the set of isomorphism classes of cobordism cycles over X
and Z(X) be the free abelian group on C(X). We observe that the dimension of
cobordism cycles makes Z,(X) into a graded abelian group called the group of
cobordism cycles on X. The image of a cobordism cycle (f : Y — X, Lq,...,L;)
in this group is denoted [f : Y — X, Li,...,L,], or simply [f,L1,...,L,], or
Y — X, Ly,...,L,], depending on the context.

If Y — X is a projective morphism with Y smooth over k, we denote by
[Y — X] € Z,(X) the sum of the classes [Y,, — X] corresponding to the irreducible
components Y, of Y. We thus gets a natural graded homomorphism

MI(X) — 2u(X),

which is easily seen to be a monomorphism. When X is smooth and equi-dimensionalll
of dimension d, the class [Idx : X = X] € Z4(X) is simply denoted 1x or even 1.

More generally, given Y = I1;Y; in Smy, with line bundles L;,..., L, on Y and
a projective morphism f : Y — X in Schy, we write [f : Y — X, Lq,..., L,] for the
sum > [fj 1 Y; — X, Lj1, ..., L] in Z.(X), where f; and Lj; are the restrictions
of fand L; to Yj.

REMARK 2.1.7. Clearly given finite type k-schemes X and X', the natural
homomorphism
Z.(X) @ Z2.(X") = Z(X ][ X)
is an isomorphism of graded abelian groups, so that Z, is additive.
Moreover if X is a finite type k-scheme and X, are the irreducible components
of X then clearly the homomorphism
BaZi(Xa) = Z4(X)
is an epimorphism.
Let g : X — X’ be a projective morphism in V. Composition with g defines
the map of graded groups
g Z.(X) = Z.(X)
[f:Y =X, Ly,.... L —[gof:Y —= X' Li,..., L],
called the push-forward along g.
If g: X — X' is a smooth equi-dimensional morphism of relative dimension
d, sending [f : Y — X, (Lt,-...L,)] to [p2 : (Y xx X') — X', pi(L1)s...,pi(L,)]
defines the homomorphism

g": Z.(X) = ZeraX)
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called pull-back along g.
Let X be k-scheme of finite type and let L be a line bundle on X. We call the
homomorphism

é1(L): Z4(X) = Z.1(X)
[f:Y—>XL,...,L, |~ [Y =X ,Lq,..., Ly, f*(L)]
the first Chern class homomorphism of L.

REMARK 2.1.8. Let (f:Y — X, Ly,...,L,) be a standard cobordism cycle on
X. Then one obviously has the formulas (in Z.(X)):

[f:Y — X,Ly,...,L] = fuo[ldy,Li,...,L,]
= f* Oél(Lr)([Idy,Ll,. . -aLr—l])

= feoé1(Ly)o---0¢1(L1)(ly)
= feoéi(Lr)o---oci(L1)omy(l),
where my : Y — Speck is the structure morphism and 1 € Zy(k) is the class of the
identity of Spec k.
LEMMA 2.1.9. Let V be an admissible subcategory of Schy. The functor
Z,: V' — Ab,
X~ Z.(X),
endowed with the above operations of smooth pull-backs, and first Chern classes is
an oriented Borel-Moore functor on' V. Moreover it is the universal one in the sense

that given any oriented Borel-Moore functor H, on V and an element a € Hy(k)
there is one and only one morphism of oriented Borel-Moore functors

ﬁH,a 1 Z, — H,
such that Vg ,q(1) = a € Hy (k).

The proof is rather easy. To prove the universality one uses remark 2.1.8 to
show that one must have

ﬁH,a([f . Y — X,Ll, e 7Lr]) = f* [e] El(Lr) O---0 El(Ll)(ﬁ/(a))

REMARK 2.1.10. FEzternal products. We define an external product on the
functor Z, as follows:

Z(X) % Z.(Y) = Z.(X x3 Y)

(If: X' = X, Ly,....L),[g: Y =Y, My,..., M,]) —

[fxg: X' <Y — X xY,pi(L1),...,p1(Ls), p5 (M), ..., p3(Ms)]
It is associative and commutative. Moreover 1 := [Idg] € Zy(k) is a unit element
for this product. In particular, Z,(k) becomes a unitary, associative, commutative

graded ring and for X € V the external product gives the group Z,(X) the structure
of a graded Z,(k)-module. We are led to the following definition:

DEFINITION 2.1.11. An oriented Borel-Moore functor on V with product con-
sists of an oriented Borel-Moore functor on V, H,, together with:
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(D4). An element 1 € Hy(k) and, for each pair (X,Y) of k-schemes in V, a
bilinear graded pairing (called the external product)

X Ho(X) x H(Y) — H (X xY)
(o, ) —axp
which is (strictly) commutative, associative, and admits 1 as unit.

These satisfy

(A6). Given projective morphisms f and g one has

X o (fexgi)=(f*xg)ox.

(AT). Given smooth equi-dimensional morphisms f and g, one has
xo(f*xg")=(fxg)ox.

(A8). Given k-schemes X and Y in V and a line bundle L on X one has for any
classes a € H,(X) and g € H.(Y)

(@(L)(a)) x B = &1(pi(L))(a x B).

Given an oriented Borel-Moore functor with product A, we observe that the
axioms give A, (k) a commutative, graded ring structure, give to each A,(X) a
structure of A,(k)-module, and imply that all the operations f., f* and ¢& (L)
preserve the A,(k)-module structure. For p : ¥ — Speck in Smy, we denote the
element p*1 € A,(Y) by 1%, or just 1y if the meaning is clear.

We also observe that, endowed with its external product, Z, is an oriented
Borel-Moore functor on V with product, for all admissible V. Moreover, one easily
checks that it is in fact the universal one: given an oriented Borel-Moore functor on
Y with product A, there exists one and only one morphism of oriented Borel-Moore
functors with product

Va2 — A,
Indeed, one easily checks that the transformation
Va1 2o — Ay
given by lemma 2.1.9 is compatible with the external products.

DEFINITION 2.1.12. Let R, be a commutative graded ring with unit. An ori-
ented Borel-Moore R,-functor on V, A,, is an oriented Borel-Moore functor on V
with product, together with a graded ring homomorphism

®: R, — A.(k).

For such a functor, one gets the structure of an R,-module on H,(X) for each
X € V, by using ® and the external product. All the operations of projective
push-forward, smooth pull-back, and ¢ of line bundles are R,-linear.

For instance, given an oriented Borel-Moore R,-functor A, and a homomor-
phism of commutative graded rings R, — S,, one can construct an oriented Borel-
Moore S,-functor, denoted by A, ®g, S«, by the assignment X — A,(X) Qg, Sk.
The push-forward, smooth pull-back, and ¢; of line bundles are obtained by exten-
sion of scalars (—) ®p, Sk.
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2.1.2. Standard cycles. Let A, be an oriented Borel-Moore R.-functor with
product on V. By lemma 2.1.9, we have the morphism of oriented Borel-Moore
functors ¥4, : Z. — A,. For X in V, let A,(X) be the sub-A,(k)-module of
AL (X) generated by ¥41(Z2.(X)). It is easy to see that this defines an oriented

Borel-Moore R,-functor on V with product, A.. We call the element
19A,1([f : Y — X,Ll, e ,Lr]) = f*(él(Ll) Oo... El(Lr)(ly))

a standard cycle on X, and write this element as [f : Y — X, Lq,..., L;]a.

For Y € V with structure morphism f : Y — Speck, we set 1y := f*(1), and
write [Y]4 for fo(ly) =[f :Y — Speck]a. Note that 1y = [Idy]a. It follows from
the additivity of A, that lynyr =1y + 1y in A (YY) = A (Y) ® A.(Y’), and
[YIOY'|a=[YV]a+[Y']a.

2.1.3. Imposing relations. Let H, be an oriented Borel-Moore functor and,
for each X € V, let R.(X) C H.(X) be a set of homogeneous elements. We will
construct a new oriented Borel-Moore functor denoted by H./R. together with a
morphism of oriented Borel-Moore functors = : H, — H,/R, with the following
universal property: given any oriented Borel-Moore functor G, and any morphism
of oriented functors ¥ : H, — G, such that, for each X, the homomorphism ¢(X) :
H,.(X) — G.(X) vanishes on R.(X), then there is one and only one morphism
of oriented Borel-Moore functors ¢ : H,/R. — G, such that p o = ¢. This
oriented Borel-Moore functor will then be said to be obtained from H, by killing
the elements in the R.(X), or that H,./R. is the quotient of H,. by the relations
Re.

To construct H,/R., we proceed as follows: For X € V denote by (R.)(X) C
H.(X) the subgroup generated by elements of the following form:

(2.1.1) feoei(Li)o---o0éi(Ly)og™(p)

with f : Y — X a projective morphism in V, (Ly,...,L;), r > 0, a family of line
bundles over Y, g : Y — Z a smooth equi-dimensional morphism and p € R.(Z).
Then (R.) is an oriented Borel-Moore sub-functor of H,, and is the smallest one
which contains each of the R, (X).

The assignment X +— H,(X)/(R.)(X) thus has a unique structure of ori-
ented Borel-Moore functor which makes the canonical projection 7 : H,(X) —
H,.(X)/(R.«)(X) a morphism of oriented Borel-Moore functors. We denote by
H,/R. this oriented Borel-Moore functor. It is clear that the morphism 7 : H, —
H./R. is a solution to our problem.

REMARK 2.1.13. Let A, be an oriented Borel-Moore functor with product.
Assume we are given for each X a set R.(X) of homogeneous elements in A, (X)
such that for p € A,(X) and o € A,(Y) one has

pXoERI(X XY)
if either p € R.(X) or 0 € R.(Y). Then there is one and only one external

product on the oriented Borel-Moore functor H, /R, compatible with the projection
H, — H,/R.. This statement easily follows from 2.1.1.

2.1.4. Cohomological notations. Let A, be a oriented Borel-Moore functor on
Smy. For X in Smy, let the X, denote the irreducible components of X and set
dy = dimy(X,). We introduce the following notation:

An(X) = @aAdw—n(Xa)'



20 II. THE DEFINITION OF ALGEBRAIC COBORDISM

Given a smooth morphism f : Y — X, the pull-back morphism in A, associated
to f defines a homomorphism of degree zero, A*(X) — A*(Y). Given a projective
morphism f : Y — X of relative codimension d, the push-forward morphism in
A, defines the push-forward f. : A*(Y) — A*t9(X). The endomorphism & (L)
of A.(X) associated to a line bundle L on X induces the endomorphism ¢ (L):
A*(X) — A*F1(X). Finally, an external product on A, induces an external product
A (X))@ A*(Y) —» A*(X xY).

The assignment X — A*(X) will be called the oriented cohomological func-
tor on Smy, associated to A.. Omne can rewrite all the axioms for an oriented
Borel-Moore functor A, on Smy and in terms of A*. Clearly A* and A, are thus
determined by each other and the category of oriented Borel-Moore functors on
Smy, is equivalent to that of oriented cohomological functors on Smy. We have as
well the notion of an oriented cohomological functor with product on Smy, with
the analogous equivalence to the category of oriented Borel-Moore functors with
product on Smy,.

2.2. Oriented functors of geometric type

2.2.1. The azioms. Recall from §1.1 that L, denotes the Lazard ring homo-
logically graded (which means that IL,, = 0 if n < 0) and that F(u,v) € L,[[u, v]]
denotes the universal formal group law.

Given a line bundle L — Y on some Y € Smy, with zero-section sg, a section
s of L is tranverse to the zero-section if the cartesian diagram

Xxp X ——X

| |

X——1L

is transverse in Smy, i.e., if the subscheme of X defined by s is a smooth codimen-
sion one closed subscheme of X.

DEFINITION 2.2.1. An oriented Borel-Moore L.-functor A, on V is said to be
of geometric type if the following three axioms holds:

(Dim). For any smooth k-scheme Y and any family (Li,...,L,) of line bundles

on Y with n > dimg(Y), one has

¢1(Li)o---0é1(Ly)(ly) =0€ A(Y).

(Sect). For any smooth k-scheme Y, any line bundle L on Y, any section s of L

which is transverse to the zero section of L, one has

& (L)(ly) = ix(12),

where 7 : Z — Y is the closed immersion of the zero-subscheme of s.

(FGL). Let Fy € A.(k)[[u,v]] be the image by the homomorphism L, — A, (k)

(giving the L,-structure) of the power series Fy,. Then for any smooth
k-scheme Y and any pair (L, M) of line bundles on Y, one has

Fa(&r(L),er(M))(1y) = (L@ M)(1y) € AL(Y).

REMARK 2.2.2. The axioms (Dim) and (Sect) make sense for any oriented
Borel-Moore functor with product, and we will sometimes use them in this less
restrictive context.
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REMARK 2.2.3. To make sense of the left-hand side of axiom (FGL), we use
the vanishing stated in (Dim) and the fact that ¢;(L) and ¢; (M) commute. In fact,
only the following weak form of axiom (Dim) is needed for the left-hand side of
(FGL) to make sense:

(Nilp). For each smooth k-scheme Y there exists an integer Ny such that, for
each family (L4, ..., L) of line bundles on Y with n > Ny, one has

él(Ll) 0---0 El(Ln)(ly) =0¢€ H*<Y)
For instance, this property holds in H, if, for each given X, H,(X) vanishes below
some degree.

We will prove below (in theorem 2.3.13) that an oriented Borel-Moore L,-
functor H, which satisfies (Nilp), (Sect) and (FGL) also satisfies (Dim).

ExaMPLE 2.2.4. The Chow group functor
X — CH,(X)

endowed with projective push-forward, smooth pull-backs, the action of the ¢; of
line bundles and the external product of cycles (see [7, Chapters 1 & 2]) is an
oriented Borel-Moore functor on Schy. Moreover, given line bundles L and M
(over the same base) one has the formula

éi(L® M) =¢é (L) +c(M).
This gives CH, an L,-structure: the formal group law is given by
Feu(u,v) = Fo(u,v) = u +v.

One easily checks (using the results of [7]) that CH, is of geometric type. More-
over, using resolution of singularities, one can see that the Chow group functor
X +— CH,(X) can be seen to be detected by smooth k-schemes (in the sense of
Section 2.1.4) when k has characteristic zero.

ExAMPLE 2.2.5. Another fundamental example of an oriented Borel-Moore
functor on Schy, is given by Go-theory, X — Gy(X), where Go(X) denotes the
Grothendieck K-group of the category of coherent O(X)-modules (see Fulton [7,
Chapter 15] for instance). If we denote by K°(X) the Grothendieck K-group of
vector bundles then for X an arbitrary finite type k-scheme, the tensor product of
locally free sheaves induces a unitary, commutative ring structure on K°(X) and
Go(X) has a natural structure of K°(X)-module: the action of a locally free sheaf
£ on Go(X) is just given by €. : Go(X) — Go(X), [M] — [M ®ox) &].

Let Go(X)[8, 87 be Go(X)®7Z[3, 371], where Z[3, 3] is the ring of Laurent
polynomial in a variable 3 of degree +1. Define push-forwards for a projective
morphism f:Y — X by

(M- B7) 1= B0 (=) [R' fo(M)] - B" € Go(X) (8, 7]
for M a coherent O(Y)-module and n € Z, thus defining a functor
Sch), — Ab,
X = Go(X)[8,671).

It is endowed with pull-backs along smooth equi-dimensional morphism f:Y — X
of relative dimension d by the formula:

(M) -7 = [ (M) - gt
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The first Chern class endomorphism associated to the line bundle L on X € Schy,
is defined by the multiplication by (1 — [£Y]) - 5:

éi(L) = (1= [LY]) - B: Go(X)[B,571] — Go(X)[B,671],

where L is the invertible sheaf of sections of L. One can easily check that together
with the external product

Go(X)[8,87Y] x Go(Y)[8,87"] — Go(X x Y)[B,57"]
([ML [N]) e [W;((M) Rxxy W;(N)}

our functor X — Go(X)[3,371] is an oriented Borel-Moore functor with product
on Schy. Moreover, if L and M are line bundles over X, the formula

G1(L & M) = &1(L) + &1(M) — B0 (L) o &1 (M)

mentioned in example 1.1.5 gives Go[3, 37!] an L,-structure with associated formal
group law

Fr(u,v) = Fp(u,v) :=u+v — fuv.
One can then check that Go[3, 371] is of geometric type. However, we do not know
whether or not the functor X — Go(X)[3,371] is detected by smooth k-schemes,
even in characteristic zero.

Go[B3, 371] is however generated by smooth k-scheme if k admits resolution of
singularites. This follows easily from the well-known facts that Go(X) is generated
by the classes [Oz], with Z C X an integral closed subscheme, and for p : Z—Za
resolution of singularities, p.([03]) = [Oz] +n in Go(Z), where n € Go(Z) is some
class in the image of Go(W) for some proper closed subscheme W of the integral
scheme Z. Thus an easy noetherian induction, using the right-exact localization
sequence for Gg gives the desired generation of Go(X).

2.3. Some elementary properties

2.3.1. The axiom (Sect). The imposition of the axiom (Sect) gives an oriented
Borel-Moore functor with product some of the flavor of classical cobordism. In this
section, we derive some of these properties. We fix an admissible subcategory V of
Sch; and let A, be an oriented Borel-Moore functor with product on V, satisfying
the axiom (Sect).

REMARK 2.3.1. Let [f: Y — X, Ly,..., L., L] 4 be a standard cycle over some
X € V. Suppose that L has a section with smooth divisor ¢ : Z — Y. Then
[f:Y—>X,L,...,L,Lla=[foi:Z — X,i"Lq,...,i"L;]a.
Indeed, applying fi o ¢ (L1)o...0¢ (L) to the identity ¢1(L)(1ly) =i.(1z) given
by (Sect) yields this relation.
DEFINITION 2.3.2. Let Y be in Smy. A geometric cobordism over Y is a

projective morphism f : W — Y x P!, with W € Sm;, and with f transverse (in
Smy,) to the inclusion {0,000} — P!,

LEMMA 2.3.3. TakeY € Smy, and let f : W — Y xP! be a geometric cobordism
over Y. Let fo: Wy — Y, foo : Woo — Y be the fibers of ppo f : W — P! over
0, 00, resp., with morphisms fo, foo tnduced by py o f. Then

[fO Wy — Y]A = [foo Wy — Y]A~
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PRrROOF. Both ig: Wy — W and iy, : W — W are subschemes of W defined
by sections of (p2 o f)*Op:i (1), hence by axiom (Sect) we have

i0«(Iwy) = €1((p2 © )" Op1 (1)) (1w) = doox (1w, )-

The result follows by pushing forward to Y by p; o f. (]

LEMMA 2.3.4. Let L be a finite separable k-algebra. Then
[SpecLla =[L:k]-1
in Ag(k).

PRrROOF. Since [Y IT1Y']4 = [Y]a + [Y']4, we may reduce to the case Spec L is
connected, which means that L is a finite separable field extension of k. Thus there
exists € L such that L = k[z]. Let f € k[X] be the monic irreducible polynomial
of z, of degree d = [L : k]. If f(X) = X + Zf;ol b; X' let F(Xo,X;) be the
homogenized form of f, F(Xg, X;) = X{ + E(j:_ol b XiXIt

Assume first that k is infinite. Choose distinct elements aq,...,aq € k, and
let G = H?Zl(Xl — a;Xp). Since f is irreducible, no a; is a root of f. Let H =
Yi-F+Y-G, and let

W C P! x P! = Proj;,(k[Xo, X1]) x Projy (k[Yo, Y1])

be the closed subscheme defined by H. Using the Jacobian criterion, one checks
that W is smooth over k. Via the projection on the second factor, W is finite
over P}, and defines a geometric cobordism over Speck, with fibers Spec L over
(Yo : Y1) = (1 : 0) and d disjoint copies of Speck over (Yp : Y1) = (0 : 1). By
lemma 2.3.3, we have the identity

[SpecL]a =d - [Speckla=d-1

in Ao (k)

If k is finite, we proceed by induction on d = [L : k]. If d = 2 the same
argument as above applies. So we may assume d > 2. We choose an irreducible
polynomial h € k[U] of degree d— 1 (such an h always exists) and an a € k. We set
g = (X —a) x h. Note that h is automatically separable since k is perfect. Then
the above reasoning applies to show that [Spec L]4 = 1 + [Spec k[X]/h]4, and the
inductive hypothesis gives the result. ([

LEMMA 2.3.5. (1) Let k C L be a finite separable extension of fields. For a
scheme X € V, denote by w(L/k) : X;, — X the natural morphism. Then the
composition:

w(L/k)™ 7(L/k)«
—_— —_—

A (X) A (X1) A (X)

is multiplication by [L : k].
(2) Let k C Fy and k C Fy be finite separable fields extensions of k, of relatively
prime degree. Then for any scheme XV the homomorphism:

A (X) m(F1/ k) m(Fa/k)”

A*(XFI) S3) A*(XFz)

is a split monomorphism.
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PROOF. (1) By definition the composition

m(L/k)" m(L/k)x
—_— e

A (X) A (XL) A (X)
is the external multiplication by the class of (Spec L — Speck) in Ag(k). The
lemma then follows from lemma, 2.3.4.
(2) Let w and v be integers such that u[Fy : k] + v[Fy : k] = 1 Then the
homomorphism

um(F1/k)«+vm(Fa/k)x

A(Xp) ® AL(Xp) AL(X)
is a left inverse to the given homomorphism. O

Recall from §2.1.2 the sub-functor A, of A,, with A,(X) generated over A, (k)
by the standard cycles [f: Y — X, Ly,..., L] 4.

LEMMA 2.3.6. Let Ox be the trivial line bundle on X € Schy. Then the
homomorphism
c1(0x) 1 Au(X) — A, 1(X)
is the zero homomorphism. In particular, if X is in Smy, then ¢1(Ox)(1x) = 0.

Proor. For any standard cycle [Y — X, Lq,...,L,]4 on X, one has
AOx)([Y = X, L1,...,Ly]a) =Y = X,L1,...,L;,Oy]a
=[0— X,Li,...,L,]a=0,
by (Sect), because the constant unit section of Ox never vanishes. O
Another useful result is the following:

LEMMA 2.3.7. Take X € V, let o be a k-point of P! and take x € A.(X). Let
z§ : X — X x P! be the section with constant value ov. Then

i (2) = &1 (p30(1)) (i ().

In particular, if o« and B are any two k-points of P', then

i () = i ().

PROOF. By definition 2.1.11(A7), with f = Idy, g : P* — Speck the structure

morphism, we have

pi(z) =z X 1p
By (A8), we have

& (p20(1)(p1(x)) =z x & (O(1))(1p1).

The axiom (Sect) implies ¢ (O(1))(1p1) = i58°°*(1); by (A6), we have

z x ikt (1) = i3, (2)

completing the proof. ([

REMARK 2.3.8. Suppose that k has characteristic zero. Let f : Y — X be a
projective morphism with X finite type over k and Y smooth quasi-projective over
k. Choose a line bundle L on X generated by sections si,...,s,. Then the set
of points = (x1,...,2,) € A" such that Y"1, z; f*(s;) is a section transverse to
the zero section of f*(L)|yN@> on Y (,) is an open dense subset; see [23, Bertini’s
theorem 2.3] for instance.
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Suppose that k has positive characteristic, ¥ = X and L is very ample. If
s1,...,5n are sections of L which give a closed immersion of Y into P*~!, then as
above, the subscheme of sections >, z; f*(s;) of L which are transverse to the
zero section is a dense open subset of A™.

Thus:

(1) If k£ has characteristic zero and L is globally generated, or if k is an infinite field
of positive characteristic, Y = X and L is very ample, such an open set has always
a rational point over k, and thus there is always a section of L transverse to the
zero section.

(2) When k is finite, the open set may not have a rational point but will always
have two closed point x and y with [(z) : k] and [k(y) : k] relatively prime. Thus,
assuming Y = X and L is very ample, there are finite extensions k C F} and k C Fy
such that [F} : k] and [F : k] are relatively prime and such that the pull-back of L
to X, and Xp, have sections transverse to the zero section.

LEMMA 2.3.9. (1) Let Y be in Smy, and let (Ly,...,Ly) be a family of line
bundles over Y. Suppose that each of the L; is very ample and that n > dimgY .
Then for all line bundles My, ..., M, onY,

61(L1) -0 él(Ln)([Idy,Ml, .. .,MTD = 0

(2) Suppose k has characteristic zero. Let X be a finite type k-scheme, n be an
integer such that n > dimg(X) and (L1,...,Ly,) be a family of line bundles over
X. Assume that each of the L; is generated by its global sections. Then

&1(Ly) o0& (Ly) =0 € End(A,(X)).

In particular, for a globally generated line bundle L, one has

¢ (L) =0 € End(A.(X)).

PRrOOF. . For (2), let X have irreducible components X1, ..., X;. We proceed
by induction on dimy(X) := max dimg(X;). If dimg(X) = 0, the line bundles are
trivial and the result is lemma 2.3.6. We assume now that dimy(X) > 0 and we
choose a standard cycle [f : Y — X, My,...,M,]4 on X.

We know by remark 2.3.8 that for a general section s of L,,, the pull-back of s
to Y is transverse to the zero section of f*(L,). Let i : S C X denote the closed
immersion of the zeros of s, j : Z — Y the closed immersion of the zeros of f*(s)
and g : Z — S the evident morphism. Observe that either S = (), which means
L, is trivial, or dimg(S) < dimg(X), because we may assume that s is non-zero at
each generic point of X. In the first case ¢;(L,,) = 0 and there is nothing to prove,
so we assume we are in the second case. One then has (using remark 2.3.1):

é(Ly)o- ot (Lp)([f:Y = X, My,...,M.]a)
=& (L)oo (L 1)([f:Y = X, My,...,M., f*L,]4)
1(Ly)o-oéi(Ln-1)([foj:Z— X,j"M,...,j"M]a)
=& (Ly)o-0e(Ln1)ix(lg: Z — S,5"M,...,j*M:]a)
=i, (e1(i*Ly) o+ 01 (i*Lp-1)(lg: Z — S,5*My,...,j*M,]a))

Since dimy(S) < dimg(X), the last term vanishes by the inductive hypothesis.
For (1), if k has characteristic zero, we may use (2). If k has positive charac-
teristic and is infinite, the same argument as above, using remark 2.3.8(1) proves

|
o
~

|
o
—~
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(1). If k is finite, then one chooses (using 2.3.8(2)) two finite extensions k C F}
and k C Fy such that [Fy : k] and [Fy : k] are prime together and such that the
pull-back of L to X, and Xp, have sections transverse to the zero section. The
same reasoning shows that the element

61([/1) O---0 61(Ln)([IdY7M1, .. .,MT-D

maps to zero into both A,(Xp,) and A,(Xp,). The result then follows easily from
lemma 2.3.5. g

2.3.2. The axziom (Dim). Throughout this section A, will be an oriented Borel-
Moore L,-functor with product on an admissible subcategory V of Schy, satisfying
the axioms (Nilp), (Sect) and (FGL). The main result of this section shows that
such an A, also satisfies (Dim).

Let F(u1,...,un) € Ax(k)[[u1,...,u,]] be a power series, which we expand as

Fug, ... upy) :ZG/IUI,
I

where I runs over the set of r-tuples I = (nq,...,n,) of integers and a; € A, (k),.
We will say that F' is absolutely homogeneous of degree n if for each I, ay is in
Airj—n(k), where [I| = ny + -+ n,.

We have the universal formal group law (L, F1). Recall the existence of a
(unique) power series x(u) € L[[u]], with leading term —u and which satisfies the
equality

Fr(u, x(u)) =0.
Note that y(u) is absolutely homogeneous of degree 1. In the sequel, we will freely
use the following notations:

u+p v = F(u,v) € L[[u,v]],
[=1ru = x(u) € L{[u]],
u—p v = FL(u,x(v)) € L[[u, v]].

We will also use the same notation for the image of these power series by
the homomorphism L, — A, (k). If f, g are locally nilpotent endomorphisms of an
A, (k)-module, we also denote by f+p g the endomorphism obtained by subtituting
fforuand g for vin u+pv, f —p g and [—1]pf for those obtained in the same
way from u —p v and [—1]pu.

The following lemma is an immediate consequence of the definitions, noting
that the endomorphisms ¢; (L), ¢1 (M) are locally nilpotent and commute with each
other:

LEMMA 2.3.10. Suppose A, satisfies (Nilp), (Sect) and (FGL). For any finite
type k-scheme X and any pair (L, M) of line bundles on X one has the following

relations in End(A.(X)):
(1) &) +ran(M) =& (L M)
(2) &(L) —p &1(M) =& (L@ MY)
(3) [F1]ra(L) = a(LY)
where ¥ denotes the operation of dualization.

REMARK 2.3.11. Let X be a finite type k-scheme. Let End® (A.(X)) de-

note the sub-A.(k)-algebra of the A.(k)-algebra Endj_)(A+(X)) generated by
the ¢, (L). Observe that this algebra is commutative graded. Then each element in
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End®,(A.(X)) (the subgroup of elements of degree —1 of that algebra) is locally
nilpotent, and the map (f,g) — f +r g defines an abelian group structure on this
set, with f — [—1]pf as inverse. Moreover, the map

¢1 : Pic(X) — End™| (A, (X))
is a group homomorphism. This is a reformulation of the previous lemma.

REMARK 2.3.12. Let X be a quasi-projective k-scheme. For each line bundle
L on X, there is a very ample line bundle M such that M ® L is very ample. From
lemma 2.3.10, the endomorphism ¢ (L) of A,.(X) can be computed as

(L) =a(M®L)—Fc(M)

THEOREM 2.3.13. Let A, be an oriented Borel-Moore L, -functor with product
on an admissible subcategory V of Schy, satisfying the axioms (Nilp), (Sect) and
(FGL).

(1) Let k be a field of characteristic zero. Let X be in Schy and let (Ly,...,Ly)
be a family of line bundles on X with n > dimg(X), such that one of the following
two conditions is satisfied:

(a) The line bundles are all globally generated.

(b) X is a quasi-projective k-scheme.
Then one has

51(L1) ©---0 51([1”) =0

in End(A.(X).
(2) Let k be an arbitrary field. LetY be in Smy. Then for any family (L1,...,Ly)
of line bundles on'Y with n > dimy(Y), one has

61([/1) O---0 &1(Ln)(ly) = 0
In particular, A, satisfies the axiom (Dim,).

PRrOOF. Case (1a) follows from lemma 2.3.9(2). Assume now that X is a quasi-
projective scheme. Using remark 2.3.12, we see that for each i € {1,...,n} there
exists two very ample line bundles M; and N; such that L; & M; @ (N;)V. But
then from lemma 2.3.10 we have

G1(Ly) o0&y (Ly) =My (¢1(M;) —p &1(N;)).

Thus the endomorphism ¢;(Ly)o---0¢1(Ly,) is a sum of terms of the form a-¢é; (L))o
--0c1(L,), with a € A.(k), each L} very ample, and m > n. Using lemma 2.3.9
again completes the proof of (1b)

The proof of (2) is essentially the same as the proof of (1b), where we use
lemma 2.3.9(1) instead of lemma 2.3.9(2). d

REMARK 2.3.14. We do not know in general whether or not the previous the-
orem holds for any finite type k-scheme and any family of line bundles.

REMARK 2.3.15. Beware that the theorem 2.3.13(1) doesn’t hold in End(A.)
in general.
2.4. The construction of algebraic cobordism

We finish the construction of algebraic cobordism.
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2.4.1. Power series. Suppose that A, satisfies the axiom (Dim). Let
Fluy, ... up) € Ac(k)[[u,. .., u]]

be a formal power series in (ug,...,u,) with coefficients in the graded ring A, (k).
Suppose that F' is absolutely homogeneous of degree n.
Given line bundles (Lq,...,L,) on X € V, the operations ¢ (L1), ..., ¢1(Ly)

are locally nilpotent on A, (X) (by axiom (Dim)) and commute with each other.
In the endomorphism ring End(A. (X)) we may thus substitute ¢;(L;) for u; in F
and get a well-defined homogeneous element of degree —n:

(2.4.1) F(E1(L1), ... e (L))t Au(X) = Ay n(X) C Aron(X).

If X is a smooth equi-dimensional k-scheme of dimension d, we have the class
1x € Aq(X) and we set

[F(Ls- ., L)) o= F@ (L) é1(Lo)(1x) € Agon(X)

Similarly, if f:Y — X isin M(X), with X in V, we write [f : Y — X] for f.(1y).
Using these notations, the equation in axiom (Sect) can be written as

L] =(Z -]
and that in axiom (FGL) as
[Fa(L, M)] = [L @ M].

DEFINITION 2.4.1. Let X be a smooth and irreducible k-scheme. We let
RDPim(X) C Z,(X) denote the subset generated by all elements of the form

Y — X, Li,..., L], where dimy(Y) < r.
We denote by Z, the oriented Borel-Moore functor Z, /szm
Of course, Z, is by construction the universal oriented Borel-Moore functor on

V satisfying (Dim).
The following lemma is easy to prove using formula (2.1.1) of §2.1.3:

LEMMA 2.4.2. Let X be a finite type k-scheme. Then (RP™)(X) is the sub-
group of Z.(X) generated by standard cobordism cycles of the form:

Y - X, 7*(Ly),..., 7" (L), My, ..., My,

where Z is a smooth quasi-projective irreducible k-scheme, (L1,...,L,) are line

bundles on Z, m:Y — Z is a smooth quasi-projective equi-dimensional morphism
and r > dimg(Z2).

One easily checks using this lemma and remark 2.1.13 that the external product
on Z, descends to give Z, an external product which makes Z, an oriented Borel-
Moore functor with product on Schy.

REMARK 2.4.3. Of course, for any X € Schy, one has Z,(X) =01if n < 0 by
construction.

The following lemma is immediate:

LEMMA 2.4.4. Let X be a k-scheme of finite type and L a line bundle on
X. Then the endomorphism ¢1(L) of Z,(X) is locally nilpotent, i.e., for each
a € Z,(X) there is an n € N such that (¢1(L))"(a) = 0.
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2.4.2. Algebraic pre-cobordism.

DEFINITION 2.4.5. Let Y be a smooth and irreducible k-scheme. We let
REeH(Y) C Z,(Y) denote the subset composed by all elements of the form

[L] - [Z2 =],

where L is a line bundle over Y, s : Y — L is a section transverse to the zero
section section and Z — Y is the closed subscheme of zeroes of s (which is smooth
over k by assumption on s). We denote by Q, the oriented Borel-Moore functor
Z, /RSt Tt is called algebraic pre-cobordism.

REMARK 2.4.6. In other words, the elements in R (Y) are exactly those of
the form [Oy(Z)] — [Z — Y] for Z — Y a smooth divisor.

The following lemma is easy to prove using formula (2.1.1) of §2.1.3:

LEMMA 2.4.7. Let X be a finite type k-scheme. Then (R5°?)(X) is the subgroup
of Z,.(X) generated by elements of the form:

Y = X,Li,...,L,] = [Z = X,i*(L1),....i*(Ly_1)]

with r >0, [Y — X, Ly,..., L] a standard cobordism cycle on X, and i : Z —Y
the closed immersion of the subscheme defined by the vanishing of a transverse
section s : Y — L,. Thus one has

Y - X,L1,....,L,] = [Z — X,i*(L1),...,i"(Lr_1)]
in Q,(X).

The elements of the above form are called elementary cobordisms. One easily
checks using the previous lemma and remark 2.1.13 that the external product on Z,
descends to give 2, an external product which makes {2, an oriented Borel-Moore
functor with product on Schy,.

REMARK 2.4.8. Let f : W — X x P! be a geometric cobordism over X. In
particular, the closed subschemes Wy := f~1(0) and Wy := f~1(1) are smooth over
k. We call the difference [Wy — X] — [W; — X| € M(X)T a naive cobordism, we
let N.(X) C M} (X) denote the subgroup generated by the naive cobordisms and
we denote by Qn%v¢(X) the quotient M (X)/N.(X). It is clear that the image
of N, (X) vanishes in ,(X). In fact, by lemma 2.3.3, the difference [Wy — W] —
[W1 — W] even vanishes in Q,(W). We thus get a homomorphism Q7%¢(X) —
Q,(X). This homomorphism is not in general an isomorphism. In fact it is not in
general a surjection because there are line bundles which have no sections transverse
to the zero section.

2.4.3. Definition of algebraic cobordism. Recall from §1.1 the Lazard ring L,
and the universal formal group law Fi(u,v) = Y-, ; a; ju'v’. L. is graded and the
degree of a;; is i + j — 1. Thus Fp (u,v) is absolutely homogeneous of degree 1.
We also observe that a; ; = 0 when 5 = 0 unless (4,5) = (1,0) or (4,5) = (0,1), in
which case a1,0 = ap,1 = 1. In the sequel we will consider the oriented Borel-Moore
functor X — L, ® ©Q, obtained by extension of scalars. This functor satisfies the
axioms (Dim) and (Sect).

DEFINITION 2.4.9. Let Y be a smooth irreducible k-scheme. We let
RECH(Y) C L. ® Q.(X)
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be the subset of elements of the form
[FL(L, M)] — [L @ M]
where L and M are line bundles over Y.

IfS, cL,®Q,(X) is a graded subset, we denote by L.S C L, ® Q,(X) the
subset of elements of the form ap with a € L, and p € S,.

DEFINITION 2.4.10. We define algebraic cobordism €,

to be the oriented Borel-Moore L, -functor on Schy which is the quotient of L, ® 2,
by the relations L,RFGE,

Q. =L, ®Q, /(L.RECL),

REMARK 2.4.11. Tt is easy to see that (L,RE“L)(X) has the explicit description
as the L,-submodule of L, ® ), generated by elements of the form

fe(@(L1)o...0&(Ly)([FL(L, M)] — [L ® M])),
where f:Y — X is in M(X), and L4,...,L,, L and M are line bundles on Y.

REMARK 2.4.12. One could imagine that we could have defined algebraic cobor-
dism directly as the quotient of L, ® Z, by L, (Rf“t U RfGL). However, for the
elements in REGL to be defined, we need to have some vanishing of products of
the &, which is guaranted by axiom (Dim). This forces us to start by killing RP"™
first.

One easily observes that the sets < L,RI“L > (X) satisfy the conditions of
remark 2.1.13. The external product on L, ® £, thus descends to ()., making
algebraic cobordism an oriented Borel-Moore L,-functor with product on Schy.

Let’s denote the composite homomorphism L, — L, ® Q. (k) — Q.(k) by

O(k) : Ly — Qu(k),a — [a].

®(k) turns Q. into an oriented Borel-Moore L,-functor of geometric type. The
following theorem is clear by construction.

THEOREM 2.4.13. Let V be an admissible subcategory of Schy. Algebraic cobor-
dism is the universal oriented Borel-Moore L, -functor onV of geometric type. More
precisely, given an oriented Borel-Moore L,-functor on V of geometric type, A,
there is a unique morphism of oriented Borel-Moore L, -functors

Va0 — A,

REMARK 2.4.14. In fact, given any oriented Borel-Moore LL.-functor of geomet-
ric type A., the morphism ¥4 clearly induces a morphism

Da:Q@L, A (k) — A,

from the oriented Borel-Moore L,-functor obtained from 2, by the extension of
scalars L, — A,. Observe that the left hand side X — Q.(X) ®p, A.(k) is still an
oriented Borel-Moore L,-functor of geometric type.

We shall say that A, is free if the morphism 94 : Q. ®L, A«(k) — A, is an
isomorphism. This means that to give a morphism of oriented Borel-Moore L,-
functors from A, to an oriented Borel-Moore L,-functor of geometric type B, is
the same as to give a factorization L, — A, (k) — B. (k).



2.5. SOME COMPUTATIONS IN ALGEBRAIC COBORDISM 31

Many of our main results can be rephrased by saying that a given theory A, is
free.

For instance, we conjecture that the Chow groups functors as well as the K-
theory functor are free, over any field. We will prove this conjecture in characteristic
zero in Chapter IV. For the K-theory functor we “only” need the resolution of
singularities, for the Chow groups we need the resolution of singularities and the
weak factorization theorem of [1] and [35].

Algebraic cobordism is detected by smooth k-schemes:
LEMMA 2.4.15. For any X € Schy the homomorphism
QPM(X) = colimy _xec/x (V) = Q.(X)
is an isomorphism.

PRrOOF. Indeed generators of Q. (X) clearly come from the left hand side, and
this is still true for the relations: they all come from explicit relations on smooth
k-schemes. 0

REMARK 2.4.16. Clearly Q.(X) is generated by the standard cycles [f : Y —
X, Ly,..., L] for every X € Schy,i.e., Q, = Q.. Thus, all the identities in End(A.,)
found in §2.3 are valid in End(€2,).

2.5. Some computations in algebraic cobordism

In this section, A, denotes an oriented Borel-Moore functor of geometric type on
an admissible subcategory V of Schy, and Fa(u,v) = >, a; juv? € Ay (k)[[u,v]]
is the associated formal group law. For a projective morphism f:Y — X with Y
smooth equi-dimensional, we simply denote by [Y — X] € A,(X) the class [Y —
X)a := f«(ly). Similarly, for a power series F(us,...,u,) with A, (k)-coefficients
and line bundles L; — X on X € V, i = 1,...,r, we write [F(Ly,...,L,)] for
[F(Ll, ey LT)]A = F(él(Ll), ceey 61(L7‘)(1X)

Sometimes an alternate notation is more useful: for line bundles L; — X on
XeVi=1,...,r,wewrite c;(L1)™ ...c1(L)" for ¢1(L1)" o...0¢ (L) (1x).

We have the inverse for the group law Fa, xa(u) = 3,0, aiu’ € A.(k)[[u]]
which satisfies the equality

i>0

Fa(u,xa(u))=0

Thus, for each line bundle L on X € Smy, we have the relation in A.(X):

[xa(L)] = (L]
An easy computation gives:
(2.5.1)
xa(u) = —u+ a171U2 - (a1,1)2U3 +( ((11,1)3 + ai1-a21 + 2a31 — a2,2)u4

+ terms of degree > 5
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2.5.1. A universal formula for the blow-up. Let i : Z — X be a closed em-
bedding between smooth k-varieties. We recall Fulton’s deformation to the normal

conel ; we present the entire diagram first and then expain the various terms:

(2.5.2) Z X1 Y =—— X x 1

ol [

X x P! —= P!

P2

Z><}P’1( -

JA Xz Jj Xj; 0

uy .
0 i

IP—>Z><O

.l

X

?%

Here p: Xz — X x 0 = X is the blow-up of X along Z, 7 : ¥ — X x P! is the
blow-up of X x P! along Z x 0, P — Y is the inclusion of the exceptional divisor
7 YZ x 0) with ¢ : P — Z x 0 the map induced by 7. Yy = 7~ 1(X x 0) and
Y1 = 775X x 1). The maps p; and py are the ones induced by the projections
pr: X x P! — X and py : X x Pt — P!,

The restriction of 7 to the proper transform 7~ [X x 0] identifies 7= *[X x 0]
with Xz as X-schemes; under this identification, Yy = Xz UP.

Since Z x 0 is a Cartier divisor on Z x P! ¢ X x P!, the closed immersion
ixid: Z x P! — X x P! lifts to the closed immersion 7 : Z x P! — Y. Since 7 is
an isomorphism away from Z x 0, the inclusion X x 1 — X x P! defines the closed
immersion i1 : X — Y.

Let 7, be the conormal sheaf Zz/Z% of i; ¢ : P — Z is identified with the
projective bundle of the conormal sheaf of Z x {0} C X x P!, i.e.,

P =P(n; ® Oz).

The intersection PN Xz is the subbundle P(n;) C P corresponding to the projection
1; ® Oz — 1;; as a subscheme of Xz, PN Xz is the exceptional divisor E of the
blow-up Xz — X. The complement of E in P is the normal bundle N; — Z and
the inclusion s : Z x 0 — P is the zero-section sy : Z — N, followed by the open
immersion N; — P.

PROPOSITION 2.5.1. Leti: Z — X be a closed embedding of smooth k-schemes.
Let Xz — X the blow-up of X along Z, n; the conormal sheaf of i, P:=P(n; ® Oz)
and q : P — Z the obvious projection. Then we have the equality in Aq(Y):
[(Xz = Y] =[X = Y]+ [xa(Oy (P))]
PROOF. We have the identity of divisors 7*(X x {0}) = P+ Xz. Thus we have
the isomorphism
Oy (P) ® Oy (Xz) = p3(0(1)),

lsee [7].
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where Oy (P) and Oy (Xz) are the line bundles on Y of the divisors P and X,
respectively, and O(1) is the tautological quotient line bundle on P! (with sheaf of
sections O(1)).

Similarly, we have Oy (X) 2 (prp1 o 7)*(0O(1)), and hence
(2.5.3) Oy(Xz) 2 Oy (X) ® Oy (P)".

From lemma 2.3.10 and the isomorphism (2.5.3)

- Zai,jal(oy(x))i o (xa(@&(Oy(P))) (1y)

=[X = Y]+ [xa(Oy (P))]
| Z ai,;¢1(Oy (X))" o (xa(e1(Oy (P)))) (1y)-

Now the restriction of Oy (P) to X is clearly trivial since PN X = §. In
particular, in A,(Y") one has

¢1(Oy (P)) 0 &1 (Oy (X)) (1y) = &1(Oy (P)[X — Y]
= ¢1(Oy (P))i1+(1x)
= i1 (&1 (i10y (P))(1x) )
=i (a(0x)(1x)) =0

by lemma 2.3.6. Thus, in our formula (2.5.4), the terms with ¢ > 1 and j7 > 1 all
vanish, completing the proof. O

We can simplify this formula further. Let g(u) € A, (k)[[u]] be the power series
uniquely determined by the equation
xa(u) =u-g(u).
We thus have by (2.5.1)

(255) g(u) =—-1+4+ ai1u — (a1,1)2u2 + ((a1,1)3 + ai1-a21 + 2@371 — a272)u3
+ terms of degree >4

PROPOSITION 2.5.2. Leti: Z — X be a closed immersion of smooth k-schemes.
Let Xz — X the blow-up of X at Z, n; the conormal sheaf of i, P :=P(n;®0z) CY
the exceptional divisor of 7, and q : P — Z the projection. Let Op(—1) denote the
dual of the canonical quotient line bundle Op(1). Then one has the equality in

(2.5.6) [Xz — X] = [Idx] + s 0 ¢« (g(OP(—l))])
PROOF. Let ¢ : P — Y denote the inclusion, and let £ = PN Xz; E is the

exceptional divisor of the blow-up X, — X. It is easy to see that E is defined by
the vanishing of the composition

Or = q" 0z — q¢"(m:® Oz) — O(1),
so Op(E) =2 O(1).
Note that ¢.(1p) = é1(Oy (P))(1ly). Using the axiom (A3) of definition 2.1.2,
it follows that

¢« ([F'(¢" Oy (P))]) = é1(Oy (B)([F(Oy (P)]) = [(wF)( trivy (P)]
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for any power series F'(u) € A, (k)[[u]]. In paricular, one has the equality in A,(Y):
[x4(Oy (P))] = ¢ ([9(6* Oy (P))]).
Since X NP = (), we have ¢*Oy (X) = Op. Thus, from (2.5.3) we see that
9" Oy (P) 2 ¢"Oy (—Xz) 2 Op(—F).
Thus ¢*Oy (P) = Op(—1), giving us the identity in in A,(Y):
[xa(Oy (P)] = ¢« ([9(Op(~1))]).

Substituting this identity in the formula of proposition 2.5.1, and pushing for-
ward to A.(X) by the projective morphism ¥ — X x P! — X yields the desired
formula. O

REMARK 2.5.3. It is useful to have a formula using Op(1) instead of Op(—1),
as the former is sometimes very ample, and one can then use the relation (Sect) to
give an explicit formula in terms of subvarieties of P. To rewrite the formula (2.5.6)
in this way, we note that x(x(v)) = u implies that

1
9(x(u)) @
so letting h(u) = 1/g(u), we have
(2.5.7) [Xz — X] = [Idx] + i 0 ¢« ([2(Op(1)))])

2.5.2. Projective spaces and Milnor’s hypersurfaces. Let n > 0 and m > 0 be
integers. Recall that v, denotes the line bundle on P™ whose sheaf of sections is
O(1). Write 7y, for the line bundle pi(vy,) ® p3(vm) on P x P™.

We let i : Hy ,, — P X P™ denote the smooth closed subscheme defined by
the vanishing of a section of v, ,,, transverse to the zero-section.

REMARK 2.5.4. The smooth projective k-schemes H), ,,, are known as the Mil-
nor hypersurfaces [2]. Taking m < n, it is easy to see that, choosing suitable
homogeneous coordinates Xy, ..., X, for P* and Yy,...,Y,, for P, H, ., is de-
fined by the vanishing of >~ ; X;V;; this also shows that the isomorphism class of
H,, m as a k-scheme is independent of the choice of section. This also shows that,
form =1<n, Hy.m CP" x P! is the standard embedding of the blow-up of a lin-
ear P"~2 in P". In general, the projection H,, ,, — P™ makes Hym a P~ !_bundle
over P™. In the special case n = m = 1, we see that H; 1 is (up to a change of
coordinates) the diagonal P! in P! x P*.

LEMMA 2.5.5. Write the formal group law of A. as Fa(u,v) =3, ; ai; cut vl
Then we have the equation

(2.5.8) [Hpm — P"x P =3 ") " a [P x P70 — P" x P

i>0 j>0
in Ay (P x P™), where P x Pm—J — P x P™ is the product of linear embeddings
Pt — P, P77 — P™. We also have the equation

(2.5.9) [Hom] = [P"] - [P 1] + [P - [P™] + Z Z a;;[P" ] - [P )

in A, (k).
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PROOF. The formula (2.5.9) follows from (2.5.8) by pushing forward from P™ x
P™ to Spec k, and noting that [P"~%].[P™~7] = [P"~¢x P™ /], and that a;g = ag; =
1, ano = agm =0forn>1or m > 1.

To prove (2.5.8), one has the following computation in A, (P" x P™):

[Hpm — P* x P™]

¢1(Yn,m) (Lpn xpm )

&1(p1(vn) @ p3(Ym))) (Lpn xpm )

Fa(e1(p1 (7)), (P (Ym)))) (Lpn xpm)

= C1(pT (9n)) (Lpn xpm ) + E1(p3(Ym)) (1pn timesem)
+(

' Z aij - &1 (Py (1))’ © &1 (P3(Ym))”) (Lpn xpm ).

The last expression can be computed easily: since the sections of ~, define hy-
perplanes in P", applying the axioms (Sect) and definition 2.1.2(A3) repeatedly
yields

E1(PF () 0 E1(P3 (Ym)) (Ipnypm ) = [P x P™™I — P™ x P™].
One thus gets the right hand side of formula (2.5.8), proving the lemma. O
REMARK 2.5.6. We observe that equation (2.5.9) for n = m = 1 gives:
[Hia] = [P'] + [P'] + [a1,] - 1.

By remark 2.5.4, Hy 1 is isomorphic to the diagonal P! in P! x P!, and the formula
(2.5.9) yields

[am] = —[]P)l] € Al(k)

REMARK 2.5.7. Using remark 2.5.4 again, we find that Ho; C P? x P! is
isomorphic to the blow-up of a k-rational point p = Spec k in P2. Using the notation
of proposition 2.5.2, we have n; = (’)12,, and hence P = P(k @ k @ k) = P? and
Op(—1) = 5. Using this with our formula for g and proposition 2.5.2, we find

[Hzy — P?] = [Idpe] + iwge ( — [Idp2] — [P'] - 1 (75) — [P']* - 1 (95)?).

Let P! — P2 be the linear embedding, pt — P? the inclusion of a k-point. By (Sect),

ci(y2) = [P' — P, e1(72)? = [pt — P? and ¢1(72)* = 0. Since e1(3) = x(c1(72)),
we have from (2.5.1)

a(y) = —ci(r) +ar1c1()?
=—[P' — P’ - [P'] - [pt — P?]

c1(73)? = (—ei(r2) + arie(r2)?)?
= [pt — P?]
and thus
[Ha1 — P?] = [ldp2] — i ([P* — p]) = [P'] - iu(=[P* — p] — [P'] - [Id,])
— [P - i ([Idy)])
= [Idp2] + (=[P?] + [P']*) - [p — P?]
Pushing forward to Speck yields [Ha 1] = [P1]%.
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The formula of lemma 2.5.5 gives [Ha 1] = [P?] + [P'] - [P'] + a11 - [PY] + a2,
which finally yields the formula in A, (k):

az;1 = [Pl]Q - [IPQ]'
REMARK 2.5.8. We may solve for a,,, in the formula (2.5.9), giving
Un,m = [Hn,m] - [Pn] ' [Pmil} - [Pnil] . [Pm]

- > agPr P
1<i<n, 1<j<m
(4,5)#(n,m)
This gives an inductive formula for a,, ,, in terms of the classes [P] and [H; ;]. Thus,
the image of L, in A, (k) is contained in the subring generated by these classes. In
addition, for n > 1 and m > 1, this formula shows that in A.(k), [Hnm] equals
ap,m modulo decomposable elements (sums of products of element of degree > 0).

2.5.3. Generators for algebraic cobordism. We have the graded subgroup M (k).J}
of Z,.(k) generated by the cobordism cycles [Y — Speck] = [Y]; the product on
Z, (k) makes M* (k). a graded subring. We have the canonical ring homomorphism
L. — Q.(k) induced by the quotient map L, ® Q, (k) — Q.(k).

LEMMA 2.5.9. Let X be a finite type k-scheme. Then Q.(X) is generated as a
group by standard cobordism cycles

Y — X,Ly,.... L]
In other words, the evident homomorphism Q,(X) — Q.(X) is surjective.

PROOF. The L,-module Q,(X) is clearly generated by the standard cobordism
cycles. Since the L, action on 2, factors through the canonical homomorphism
L. — Q.(k), via the external product action Q. (k) ® Q.(X) — Q.(X), it suffices
to show that the ring homomorphism

Z.(k) — Qu(k)

is surjective. As the ring homomorphism L, ® Z.(k) — Q.(k) is surjective by
definition, it suffices to prove that the image of L, — Q.(k) is in the image of
Z.(k) — Q.(k). In fact, the image of L, — Q.(k) is generated by the image of
the subring M*(k), of Z.(k), as one sees by applying remark 2.5.8 to the case
Ayx = Q.. O

LEMMA 2.5.10. For X € Schy Q.(X) is generated as an M™(k).-module by
classes of the form [Y — X, L1, ...,L,], where each of the line bundles L; on'Y is
very ample.

PROOF. Given any standard cobordism cycle (f : Y — X, Lq,...,L,) on X,
on X € Schy, we have the formula from remark 2.1.8

[f Y — X,Ll,...,LT] = f* OE]_(Ll) O« Oél(Lr)(ly).

This identity and remark 2.3.12 imply that Q.(X) is generated as an L,-module
by classes of the desired form; remark 2.5.8 implies that €2, (X) is generated as an
M (k).-module by classes of the desired form. O



2.5. SOME COMPUTATIONS IN ALGEBRAIC COBORDISM 37

LEMMA 2.5.11. Let X be a finite type k-scheme. Then the canonical homomor-
phism
MF(X) = Q.(X)
is an epimorphism. In other words, the graded abelian group Q.(X) is generated
as a group by the classes [Y — X| of projective morphisms Y — X with Y smooth
quasi-projective and irreducible.

PROOF. From lemma 2.5.10 we know that Q,(X) is generated as a group by
classes of the form

[fop1:Y xZ— X,p5Ly,...,p5L,],

where Z is smooth and projective over k, f : Y — X is in M(X) and each L; is a
very ample line bundle on Y. If k is infinite, using remark 2.3.8 we may find sections
s; of L; such that the subschemes s; = 0 are smooth and intersect transversely on
Y, fori=1,...,r. Using lemma 2.4.7, we see that

[YXZ—)vaTLla"'vaLT} = [lez_)vaglﬁLQ;"'apTLr} == [YTXZ_)X}

where Y; = ﬂ;zl{sj = 0}, proving the statement.
If & is finite, we apply the same reasoning, using remark 2.3.8(2) and lemma 2.3.5.]j
U

THEOREM 2.5.12. Let k be a field. Then the homomorphism ®¢(k) : Ly —
Qo(k) is an isomorphism and Qo(k) is the free abelian group on 1 = [Speck].

Moreover, given any smooth variety X = Spec A of dimension zero over k, then
[X] = dimg(A) - 1 in Qo(k).

PROOF. The last formula has been established in lemma 2.3.4. The surjectivity
of ®y(k) follows from that formula and from lemma 2.5.11 which implies that Qq(k)
is generated by classes [Spec L] where L is a (separable) finite field extension of k.
Thus Z = Lo — Qo(k) is surjective.

For injectivity, we have the natural transformation Q, — CH, given by the
universality of Q. (theorem 2.4.13); the map Qy(k) — CHg(k) = Z is a left inverse
to Lo — Qo(k), which is thus injective. O

2.5.4. Relations defining algebraic cobordism. It will be useful to give explicit
generators for the kernel of the natural surjection (see lemma 2.5.11):

Q, — Q..
For this, first use remark 2.5.8 to choose for each (4,j) with ¢ < j an element
aj; € ./\/lit_j_l(k) lifting [a;;] € Qiy;-1(k); for j <i we set a); = a};. Let F(u,v) €
Q, (k)[[u, v]] be the power series
F(u,v) =u+v+ Z a;juivj.
1,521

DEFINITION 2.5.13. Let X € Schy. Let R, (X) denote the subgroup of Q,(X)

generated by elements of the form

feoéi(Ly) o0& (L) ([F(L,M)] - [L & M]),
where f:Y — X is in M(X), and (L, ..., Ly, L, M) are line bundles on Y. We

denote by Q,(X) the quotient group Q,(X)/R.(X).
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LEMMA 2.5.14. Let X € Schy. Then R,(X) is also the subgroup of Q,(X)
generated by elements of the form
froi(Ly) o0& (Ly)(F((L), e (M))(n) — & (L@ M)(n)),
where (f 1Y — X, Ly,...,L,,) is a standard cobordism cycle on X, L, M are line
bundles on'Y, and n is in Q. (V).

PROOF. Indeed, 2,(Y) is generated by the standard cobordism cycles (g : Z —
Y, Mj,..., M) onY. But then using the notations of the lemma withn =[g: Z —
Y, My, ..., M;] we have

froci(Li)o--oc(Ly)o F(éi(L),e1(M))(n)
= (fog)xoci(g"L1)o---0&(g"Ly) o0& (My)o---o0é (Ms)([F(g"L,g"M)])

and

feoci(Ly)o---o0éi(Ly)oé (L@ M)(n)
= (fog)soti(g"L1)o---0c(g"Ly)oci(My)o-- o0& (Ms)([g"L ®g"M])

which verifies our assertion.
O

As a consequence of the lemma, together with lemma 2.5.10 and remark 2.1.13,
one sees that X — €,(X) is an oriented Borel-Moore functor with product on
Schk.

It is easy to see that the elements in R.(X) become zero in €, (X) through the
projection Q,(X) — Q,(X), giving a natural epimorphism 7x : Q. (X) — Q. (X).

ProprosITION 2.5.15. Let X be a finite type k-scheme. Then the homomor-
phism

Tx : Qe (X) = Q. (X)
is an isomorphism.

PROOF. It suffices to show that (F,Q,(k)) is a commutative formal group.
Indeed, if this is so, we have the canonical homomorphism

¢:L— Q,(k),

with ¢(a;;) = aj;. Using the Q. (k)-module structure on €, we get the surjective
morphism of oriented Borel-Moore functors with product

9: Lo, —Q.,

Ha@b) = ola)b,
extending the natural transformation Q, — Q.. If L and M are line bundles on X,
we have

O(FL(e1(L),e1(M))) = F(éi(L), &1 (M))

as endomorphisms of Q. (X), hence 9 descends to a surjective natural transforma-
tion ., — ., which is easily seen to be inverse to 7.

Now, to show that (F,€,(k)) is a commutative formal group, we need only
verify the associativity

F(F(u,v),w) = F(u, F(v, w))
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in Q, (k)[[u, v, w]]. Suppose the associativity relation F(F(u,v),w) = F(u, F(v,w))
is satisfied modulo (u™,v™*! wP*l). Write
F(F(u,v),w) = Z agiviviw's  Fu, F(v,w)) = Z agjluivjwl.
ijl ijl
Let (a,b,c) be integers, and let Ox(a,b,c) denote the line bundle whose sheaf of
section is O(a, b, ¢) := p1O(a) ® p;0(b) @ p50(c) on X :=P" x P™ x PP. Then, as
endomorphisms of Q. (X), we have
F(F(61(0x(1,0,0)),6(0x(0,1,0)),1(0x(0,0,1))

= F(¢1(0x(1,1,0)),61(0x(0,0,1))
¢1(0x(1,1,1))
F(¢1(0x(1,0,0)),61(0x(0,1,1))
F(¢1(0x(1,0,0)), F(¢1(0x(0,1,0),¢(0x(0,0,1))).
Evaluating both sides on Idpn xpm xpr gives

Zaijl[}[(i) x HV) x HO] = Za;ﬂ[H(i) x HY) x HO]

ijl ijl

in Q*(]P’" x P™ x PP), where H(®) stands for the intersection of i independent hy-
perplanes. Pushing forward to Speck, using our induction hypothesis, and the
fact that H™ x H(™ x H® pushes forward to the identity in Q,(k), we find
that the associativity relation F(F(u,v),w) = F(u, F(v,w)) is satisfied modulo
(un Tt ™+ wP+) The same argument allows us to increase the degree in v and
in w, which completes the proof. O






CHAPTER III

Fundamental properties of algebraic cobordism

In this chapter we show, assuming the base-field admits resolution of singular-
ities, that algebraic cobordism has the properties expected of a reasonable Borel-
Moore homology theory, namely, the projective bundle formula (theorem 3.5.4) and
the extended homotopy property (theorem 3.6.3). Crucial to the proofs of these re-
sults is the fundamental right-exact localization sequence (see theorem 3.2.7), which
is the main technical result of this chapter. As preparation, we construct in sec-
tion 3.1 the class of a strict normal crossing divisor E on some smooth W as an
element of the algebraic cobordism of the support of E which lifts the first Chern
class ¢ (Ow(E))(1w). These divisor classes will also play a central role in our
construction of pull-backs for l.c.i. morphisms in Chapter VI.

In addition to all these results, we prove a type of moving lemma (proposi-
tion 3.3.1) which shows that, for W € Smj with smooth closed subscheme Z,
Q. (W) is generated by f : Y — W in M(W) which are transverse to the inclusion
Z — W. This will be important in showing that {2, is the universal Borel-Moore
homology theory on Schy, in Chapter VII.

3.1. Divisor classes

DEFINITION 3.1.1. Let W be in Smy. Recall that a strict normal crossing
divisor E on W is a Weil divisor F = ZZI n; - E; where each n; is > 1, each E; is
an integral closed subscheme of W, of pure codimension 1, and smooth over k, and

moreover for each I C {1,...,m} the subscheme
EI = ﬂ Ez
iel
smooth over k of codimension |I| on W for each I C {1,...,m}.

We denote by i : |E| — W the support of E, i.e., the reduced closed subscheme
whose underlying space is the union of the E;. We write Oy (E) for the line bundle
on W corresponding to E, which means that its Oy -module of sections is Ow (E).

Recall that we let [Ow(E)] € Q.(W) denote the class é(Ow(E))(1w) in
Q,(W). The main object of this section is to define a class [E — |E|] € Q.(|E|)
such that i.([E — |E|]) = [Ow (E)].

3.1.1. Some power series. For a formal group law (F, R), recall that we simply
write u +p v for F(u,v), and extend this notation in the evident way for the other
formal group operations such as formal opposite denoted [—1] -r v (which satisfies
u+p [-1] -p u=0), formal difference denoted u —p v (equal to u +p [—1] -7 (v)),
n-fold formal sum uy +r + - -+ +F u,, and formal multiplication by n € Z denoted
[n] - u.

41
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In this section we will be using the formal group law (F,R) = (Fgq, Q. (k))
unless explicit mention to the contrary is made.
Given integers nq, ..., n,;,, we will use the notation

Fnl""’nm(’u,]_,. ..,um) = [nl} ‘ruUl+p....+F [’I’Lm] ‘F Um,

EXAMPLE 3.1.2. By the relations encoded in the definition of ), we have for
line bundles Lq,..., L, on a finite type k-scheme X:

Froetm (@ (Ly),. .6 (L) = & (LF™ @ ... @ LE™).

~ For a sequence J = (j1,-++,7m) € (N)™ of non-negative integers j;, let u’ =
ult . .udm. We set || J]] := Supi(ji)-
LEMMA 3.1.3. Any power series H(uq, ..., um) € Rl[u,...,un]] can be uniquely
written as

H(uy,. o oum) = > w!Hy(ug,... um),
I 1111

where each monomial hJ,Jqu/, J = (i,---,45,), occurring in Hy has j. = 0 if
js =0.

PROOF. Write H(u1,...,Um) = Y 5 hx - u, and let J = (j1,...,jm) with
|J]| < 1. Let Hy = Y% hgu®~7, where the sum is over all K = (ki,...,kp,)
such that k; > j; for all 4, and k; = 0 if j; = 0. Uniqueness is easy and left to the
reader. (]

Applying the above lemma to F™ " we have power series
Fyim(ug, . um) € Qu(k)([ur, - unlls [|I]] <1,
with

Fnly"'anﬂl.(ul’...’um) = Z u‘]~F§L1 """ "m(ul,...,um).
Ji [17]]1<1

EXAMPLE 3.1.4. Assume m = 2 and ny = no = 1. Then

FbY(u,v) = F(u,v) = Zai’juivj
2

=u+v+ E a; ju'v’

i>1,5>1
=u+v+u-v- ( Z ai7jui_11]j_1),
i>1,5>1
1,1 1,1 1,1
so Figo) =0, F{j (u,v) =1, F(O)l)(u,v) =1 and
1,1 i—1, j—
Fiy(uv) = Z a; ju' "t Tt

i>1,j>1

Similarly, F(T(Lf.’."‘;ér)“‘ =0 for all (ny,...,n;.).
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3.1.2. Normal crossing divisors. Let W be in Smy, and let E be a strict normal
crossing divisor on W. Write E = Z;“:l n;F;, with the F; irreducible. For each

index J = (j1,...,7m) with [|J]| < 1, we have the face E/ := N, j,—1E; of E.
Alternatively, for each I C {1,...,m}, we set B} := N;crE;. Of course, By = E7()
where J(I) = (j1,...,Jm) with j; =0ifi ¢ T and j; =1 if i € I.
Let ¢/ : B/ — |E| be the inclusion. Let L; := Ow (E;), and let L] = (+/)*L;.
DEFINITION 3.1.5. Keeping the previous notations and assumptions, we define
the class [E — |E|] € Q.(]E|) by the formula

(3.1.1) E—E)= Y (L ).
g 17111
If f:|E|] — X is a projective morphism, we write [E — X] € Q,(X) for f.([F —
[E])-
EXAMPLE 3.1.6. Assume m = 2 and ny = ng = 1, so that £ = Ey + E5 and
|E| = E1 U E2. From example 3.1.4, we see that

1,0 0,1 1,1 , 1,1 1,2
B — B =0 (1g,) + 0 (1p,) + £V FY (L0, L8]

11 ; 1,1 1,1
= [By — Bl + [Bs — |B] + LV [EL (L8, LED))
In particular, assume that L; and Lo are trivial. Then equation (3.1.1) becomes
[E = |El] = [By — |E[] + [E2 — [Ell + [a14] - [Er1 2y — |E]]
which equals (using remark 2.5.6):

(B — |E|] = By — | B[] + [E2 — | B[] - [P'] - [Ep1,2y — |E]]

REMARK 3.1.7. Let FE be a strict normal crossing divisor on some W in Smy,.
Write E = Y _._, n;E;, with the E; the irreducible components of |E|. Let L>; C L,
be the ideal of elements of positive degree, and let L, — Z be the ring homomor-
phism with kernel L>q. Then, in Q. (|E|) ®L, Z, we have

[E— |Ell = ZH[E — [E]].

Indeed, it follows directly from the definition of F™t»~"r that

Py s, ) = 0 mod L
if [J] > 1. If J = (ju,...,jr) with j; = 1 and j; = 0 for [ # i, then
Fy (uy, . uy) = g mod L.

This yields the desired formula.

LEMMA 3.1.8. Let W be in Smy, and equi-dimensional, and let E = 2111 E;
be a strict normal crossing divisor on W. Let i : Eqy g,y — W be the inclusion.
Let H(uy,...,uny) be a power series with Q. (k) coefficients, and let Lq,...,L, be
line bundles on W. Then

i JH(* Lo, ..., i* L) = & (Ow(BE1)) o... 0 & (Ow (Em))[H(L1, - .., Ln)].
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PRrROOF. By induction on m it suffices to prove the case r = m; write E for Ej.
We have

iW[H(* Ly, ...,i*Ly)] = i, L, &1(i" L)) (Idg))

PROPOSITION 3.1.9. Let W be in Smy, let E be a strict normal crossing divisor
on W. Then
[E — W] = [Ow(E)].
In particular, let X be a finite type k-scheme, let f : W — X be a projective

~

morphism, and let E, E' be strict normal crossing divisors on W with Oy (E) =
Ow (E"). Then

F— X] = [F' — X]
in Q.(X).

PRrROOF. Write E = Z?ll n; F; with the F; smooth and irreducible and let
L; = Ow (E;). Write F for Fmi-mm F; for Fyv"" Let F}, = u’Fy, so that

F=>Fj
J
Let i/ : E/ — W be the inclusion. By lemma 3.1.8, we have
i (I (LY L)) = [P (Lys o L)
Thus
(E— W= ([Fs@(L]).....a(L;))

J
=Y [Fy(Ly,- o, L)
J

— [F(L1,...,Ln)]
= F(é1(L1); - -, é1(Lym)) (Idw)

H(LY" ®...@ LE")(Idw) (cf. example 3.1.2)
= [Ow (E)].

3.2. Localization

Let X be a finite type k-scheme i : Z — X a closed subscheme, and j : U — X

the open complement. It is obvious that the composite Q. (2) L, Q.(X) L5 Q. (U)
is zero, so the sequence

%

(3.2.1) 0.(Z) 15 Q.(X) L5 Q.(U) = 0



3.2. LOCALIZATION 45

is a complex. Our main task in this section will be to show that (3.2.1) is exact
(theorem 3.2.7), at least under the assumption that the base field k& admits resolu-
tion of singularities. The most difficult part of the argument concerns the exactness
at Q. (X); one reduces fairly easily to two types of classes:

(1) the difference of two cobordism cycles [V — X] — [Y' — X]| with Y 2 Y’
over U.
(2) the difference of two cobordism cycles [f : Y — X, L] —[f: Y — X, L]
with L = L' on f~Y(U).
Thus, we begin by analyzing the effect of a birational transformation on the class

[Y — X] and the effect of twisting a line bundle L by Oy (D) on the class [V —
X, L].

3.2.1. Blow-ups. Let f : W' — W be a projective birational map, with W’
and W smooth over k. In this section, we consider the problem of writing the class
W' — W] in Q. (W).

By [10], there is a closed subscheme T' of W such that f is the blow-up of
W along T. Since W is smooth, we may assume® that the support of T is the
fundamental locus of f, i.e., W\ |T| is exactly the set of z € W over which f is an
isomorphism. Let E C W’ be the exceptional divisor f~(7).

We form a version of the “deformation to the normal cone” as follows: let
p:Y — W x P! be the blow-up of W x P! along T' x 0. Let (W x 0) denote the
proper transform of W x 0. Let (T' x P!) denote the proper transform of T x P*.
Let E be the exceptional divisor of 1 and set

Yy = p t(W x 1)
Yo :=p H(W x 0) = (W x 0) U E.

This gives us the deformation diagram (compare with the deformation diagram
(2.5.2))

(3.2.2) Tx1e—— Y, W x 1
1\¢ i “f f
(T x PV Y — WJfPl - P
J (W x0) — | — W% 0
Tx0 Yo% i

LEMMA 3.2.1. The restriction of p: Y — W x P! to
fi: (W x0)—W,

ISee [10, Exercise 7.11 (c)].
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is isomorphic over W to f : W — W. In addition, Y \ E N (T x P') is smooth,
and contains (W x 0). Finally, if E is a strict normal crossing divisor, then E +
(W x 0) \ (T x P) is a strict normal crossing divisor on' Y \ E N (T x P!)

PROOF. Via the projection W x P! — P!, all schemes and morphisms involved
are over P1. Since y is an isomorphism over P! \ {0}, we may restrict everything
over the open subscheme A! = P!\ {oo} of P!. We indicate this by replacing P!
with A! in the notation, but leaving all other notations the same.

The assertions being local over W, we may assume that W = Spec A for some
smooth integral k-algebra A. Let I C A be the ideal defining T', J C A[t] the ideal
defining T x 0, so J = (I,t).

Suppose I = (fo,..., fm). Then W’ = Proj,(®,I") is the subscheme of P}
defined by the kernel Ny of the surjection of graded rings

AlXo, ..., Xp] — ©pl”

9(Xo, .., Xm) = g(fo, -, fm)-
Similarly, Y is the subscheme of ]P’Zl['[]l defined by the kernel Ny of the surjection
of graded rings
Alt][ Xo, .o, Xon, Xon1] = @0 J"
9(Xoy ooy Xy Xong1) — g(fo, -+, fmy B)-

We claim that Ny is the ideal generated by Ny and the elements f; X,,11 —
tX;, 5 =0,...,m. To see this, take g € Ny of degree d, and expand g as a sum of

monomials XIXZ;LH, (I = (io,---+in), (] =22, 45):
g = Z gIXIX’;L‘n-i-l)
|I]+i=d

with
NI . .
gr=>_git’s g1 €A g #0.
=0

Modulo the elements f;X,,+1 —tX;, we may rewrite g as

d M
g = Zg'EX:nJrl + (Z ajtj)Xg@Jrh
i=0 j=1

with g € A[Xo,...,X,,] homogeneous of degree d — ¢, and a; € A. Evaluating ¢/,
we have

d M
0= gl(an .. 'af’ﬂut) = Zg;(f()a .. 7fm)tl + Zaitd—‘ria
1=0 =1

hence each a; = 0, and each ¢; is in Ny, proving our claim.

Next, we note that multiplication by X411, XxX;mt1 1 Oy — Oy (1), is injec-
tive. Indeed, multiplication by X,,+1 on the homogeneous coordinate ring of Y is
just multiplication by ¢ on @, J", which is evidently injective. This implies the in-
jectivity of X X,,+1 on the sheaf level. Additionally, it is clear from our description
of Ny that, for 0 <i <n,

AlXo, .y Xon, X, /Nw = Alt][Xo, -+ Xont1, X'/ (Nyy, Xong1)s
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so W’ is isomorphic to the subscheme of Y defined by X,,+; = 0. Since W' is
smooth, and X,,+1 is a non-zero divisor on Oy, this implies that Y is smooth
in a neighborhood of X,,;+; = 0. Finally, since the proper transform (W x 0) is
irreducible and dense in (X,,41 = 0), we see that the equation X,,; = 0 defines
the subscheme (W x 0).

We now look at the proper transform (T x A'). Let N denote the sheaf of ideals
on Y defining (T'x Al), and let Z be the sheaf of ideals defined by the homogeneous
ideal (X, ..., X,,). We claim that A/ = Z. Indeed, on the subscheme of Y defined
by (Xo,...,Xm), Xmy1 is invertible, hence the relations f;X,,+1 —tX; in Ny imply
that Z D (fo,. .., fm)Oy, and we have equality of ideal sheaves after inverting t.
Thus N = 7 after inverting ¢, hence N’ D Z. Since the subscheme of Y defined by
T is evidently isomorphic to T x A! via the projection to X x A!, T is thus maximal
amoung ideal sheaves J with J[t7!] = Z[t7!]. Thus ' = Z, as claimed.

On the other hand, consider the affine open subscheme U; of Y defined by
X; # 0, and the similarly defined subscheme V; of W’. Our description of Ny in
terms of Ny implies that U; & V; x Al using X,,11/X; as the map to Al. Thus
U, is smooth. Since Y — X x Al is an isomorphism over X x A\ T x 0, this proves
that Y \ EN (T x A') is smooth.

Finally, both EnN U; ¢ U; and E C V; are the subschemes of U; and V},
respectively, defined by f;. Again referring to the explicit equations defining Y,
we see that ENU; C U; is isomorphic to E x A! ¢ V; x A!, using as above the
coordinate X,,;1/X;. Thus E \ (T x A') is a strict normal crossing divisor on
Y \ EN(T x A'). We note that (W x 0) is smooth, and (W x 0) N E is the strict
normal crossing divisor £ on W’'. Write £ = ZZ n;D;. Since E=FExA'ina
neighborhood of (W x 0), this implies that £ = 3", n;D; x Al in a neighborhood
of (W x 0). Thus (W x 0) intersects each irreducible component of E transversely,
hence E+4 (W x0)\ (T x A') is a strict normal crossing divisor on Y\ EN(Tx A). [

3.2.2. Preliminaries on classes of divisors. Let E be a strict normal crossing
divisor on some W € Smy,. We have defined in §3.1 the class [E — |E|] in Q. (| E]);
for later use we will need a somewhat more detailed description of this class. Write
E =3"", n;D; with the D; distinct and irreducible, so D := " | D; is a reduced
strict normal crossing divisor. Write Epuye := E—D, and Eyeq = ), _; D;. Define

U
|Elsing := (Vi< |Di| 0 [Dy]) U |Emul,

50 |Elsing is the singular locus of |D|, together with the union of the |D;| with
n; > 1.

LEMMA 3.2.2. Let W be in Smy, and let E = Z:il n;D; be a strict normal
crossing diwisor on W. Let Lging : |Elsing — |E| be the inclusion. Then there is an
element 1 of Q.(|Elsing) such that

[E = |El] = [Brea = [E] + tsings?-

Proor. We may suppose that n; = 1 for j = 1,...,s, and n; > 1 for j =
s+1,...,m. Let n =), n;, and let F,, denote the n-fold sum

Fo(ut,...;up) =us +p ... +5 Up.
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We have F(u,v) = u+v+ Y5, ;51 aiju'v’, from which it follows that

n
i i
Fo(uy,...,up) = g u; + E @iy, WS U
=1 121,121
Thus, if we expand
1,...,1.n e Mm o
Froobletionofim = By 0 Uy Uggdy e v o s Usply e - o s Uy - e vy U )

as required for the definition of [E — |E|],
Fleobnsti,onm — Z UJFJ(’U,17 o 7Um)7
g 1711£1
we find

s
LioLnegpr,nm E E J'
F + - u; + u FJ’(ul,---,Um),
i=1 J!

where each J' has either two nonzero entries, or an entry j; = 1 with [ > s. We
thus have

[E—|El= Y JF"0w(D),...,i"" Ow(Dp))]
g, 1]1<1

=> 1.(Idp,)
j=1

+ > ' [Fr @7 Ow (D1),. ., i7 " Ow (D)),
J’
where ¢; : D; — |E|, v/ : D7 — |E|, i’ : D7 — W are the inclusions. This gives us
the desired decomposition, because each 7 " factors through tgings- O

LEMMA 3.2.3. Let j : V — Y be an open subscheme of some Y € Smy, and
let D be a strict normal crossing divisor on'Y such that D := j*D is smooth (and
reduced). Let jp : D — |D| be the inclusion. Then there is a class [D]x € MT(|D|)
such that

(1) jp[D)* =1dp € M*(D).
(2) The image of [D]* in Q,(|D|) is [D — |D]].

PRrROOF. We may write D as D = 37, DH—Z;’;SH n;Dj, with the D; smooth
and irreducible, and with >0, D; the closure of D in Y. We may suppose that
n; > 1 for all j > s; otherwise, just enlarge V. Let i : |[D|sng — |D| be the
inclusion. By lemma 3.2.2, there is a class 7 € . (| Dsing) such that

[D — D= _[D; — D[] +iun.
j=1
Let nx be a lifting of 1) to an element of M*(|Dlyng) (use lemma 2.5.11). Since
S iblDi — |D|] =1dp, and |Dlsing and Dj, j > s are contained in Y\ V, taking
S

[Dx = (IDj — D)) + i

Jj=1

gives the desired element of M*(|D]). O
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3.2.3. Main result. In this section we assume that k£ admits resolution of sin-
gularities.

PROPOSITION 3.2.4. Let u: W' — W be a birational projective morphism, with
W and W' in Smy. Letip : F — W be a reduced closed subscheme containing the
fundamental locus of u, and let E be the exceptional divisor of p. Suppose that E
is a strict normal crossing divisor. Then there is an element n € Q. (F) such that

[w: W' = W] =1Idw +ip«(n)

PROOF. We may suppose that F' is the fundamental locus of y. Let T be a
closed subscheme of W supported in F' such that p is the blow-up of W along T
Let ¢ : Y — W x P! be the blow-up of W x P! along T x 0, and let E be the
exceptional divisor. By lemma 3.2.1, we have the identification of W’ — W with
the restriction of ¢ to go : (W x 0) — W x 0. Furthermore, the singular locus of Y’
is contained in |E| N (F x P'), which is disjoint from (W x 0). Finally, (W x 0) + E
is a reduced strict normal crossing divisor away from Yig := |E| N (F x P1).

Thus, by the resolution of singularities, we may find a projective birational map
p:Y — Y in Smy, which is an isomorphism over Y\ Yaing, such that (gp)*(W x 0)
is a strict normal crossing divisor. Thus, (gp)*(W x 0) = 1- (W x 0) + 3, n;D;
with (W x 0) + 32" | D; a reduced normal crossing divisor, and with (gp)(D;) C F
for all 4.

Let D=3Y""" D;, and let

it |(Wx0)+D| =Y,

iwxoy : (W x 0) = [(W x 0) + D,

ip| |D| — [(W x 0) + D|
be the inclusions. Let f : ¥ — W be the morphism pigp and let f¥ : |[D| — F be
the restriction of f.

Since the divisors (gp)*(W x 00) and (gp)*(W x 0) are linearly equivalent strict
normal crossing divisors on Y, it follows from proposition 3.1.9 that

Fe([W % 0) + > niD; — Y]) = ful(gp)" (W x 00) — Y]
in Q. (W). Since gp is an isomorphism over W' x (P1\ {0}), we have f.([(gp)* (W x
o0) — Y]) =Idw. By lemma 3.2.2, there is an element 7 € Q. (|D|) such that
[(W % 0) + > ;D — [(W x 0) + D]

= [(W x 0) = (W x 0) + D[] +1i|,.(7)
in Q. (|[(W x 0) + D|). Let n = fF(r) € Q.(F). We thus have

F([(W % 0) = Y]) +ips () = ldw-

Since f : (W x 0) — W is isomorphic to p : W' — W, this proves the proposition.
([l

LEMMA 3.2.5. LetY be in Smy, j: U — Y an open subscheme, L, Ly, ..., L,
line bundles on Y. Suppose that

(1) The complement i : Z —'Y of U is a strict normal crossing divisor.
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(2) j*Ly = j*L;.
Then (Idy,LY,...,Ly) — (Idy, Ly, ..., Ly,) is in i.(2.(2)).

PRrROOF. It suffices to show that [L}] — [L1] = i.ax for some z € Q,(Z). Indeed,
if this is the case, then

(Idy, L}, ..., L) — (Idy, L1, ..., Ly)
(Lm)o...oé(L2)([L] — [L4])
= él(Lm) o0...0 51(L2)(Z*$)

= i*(él (Z*Lm) ©...0 61 (Z*L2)<.'I}))

The kernel of j* : Pic(Y') — Pic(U) is the set of line bundles of the form Oy (A),
where A is a divisor supported on the normal crossing divisor Z. Thus, there are
effective divisors A and B, supported on Z, such that L; ® Oy (4) = L] ® Oy (B).
It clearly suffices to handle the case L} = L1 ® Oy (A).

In this case, [L]] = [L1] +F [Oy (4)]. Since

F(u,v) =u mod (v)Q(k)[[u,v]],
there is a polynomial g(u,v) in Q. (k)[u, v] with
[L}] = [L1] + g(é1(L1), &1(Oy (A)))([Oy (A)]).
Arguing as above, it suffices to show that [Oy(A4)] is in i,(Q.(Z)). But from
proposition 3.1.9 we have

I
Qo

1

Oy (4)] = i.[A — Z],
which completes the proof of the lemma. O

LEMMA 3.2.6. Let X be a finite type k-scheme, (Y EAN X,Ly,...,Ly) a stan-
dard cobordism cycle on X. Leti: Z — X be a closed subscheme with complement
j U — X and let jy : Yy — Y denote the inclusion of the open subscheme
Yu :=Y xx U. Suppose there is a smooth, quasi-projective k-scheme T, a smooth
morphism m : Yy — T and line bundles My,...,M, on T with jyL; = n*M;,

i =1,...,r and with r > dimgT. Then the class of [Y ElR X,Ly,...,Ly] in
Q.(X) is in i.(Q(2)).

PrOOF. First assume that k is infinite. We proceed by induction on dim;T.
We may assume that Y = X and f = Idy, so that 7 is a morphism 7 : U — T. It
suffices to prove the case r = m = dim;T + 1.

We note that

[Idy,Ll, .. -7Lr] = EI(LI) ©...0 El(LT)([Idy])

If L is a line bundle on Y, then ¢;(L)(i.n) = i.¢1(¢*L)(n), for n € Q,.(Z). Thus
¢1(L) sends i, (2.(Z)) into itself. Since & (L ® M*') = & (L) ¢ & (M), the result
for L1 = L and Ly = M implies the result for L; = L @ M*!,

Next, let g : Y - Y bea projective birational morphism in Smy which is an
isomorphism over U, and with exceptional divisor a strict normal crossing divisor.
We identify U with g~ (U) and let Z = Y \U. Since [Y — Y] —[Idy] is in i,(Q.(Z))
(proposition 3.2.4) and since

9xC1(9"L1)o...0¢1(g"Ly)([Idy]) — €1 (L1) o ... 0 ¢ (Ly)([Idy])
=& (Ly)o...0& (L) ([Y — Y] - [Idy]),
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it suffices to prove the result with ¥ replacing ¥ and g*L; replacing L;. Thus,
using resolution of singularities, we may assume that Z is a strict normal crossing
divisor on Y.

By resolution of singularities, there is a smooth projective k-scheme T con-
taining 7' as a dense open subscheme. Also by resolution of singularities, there is
a projective birational morphism ¢ : ¥ — Y, which is an isomorphism over U,
and with the exceptional divisor of 7 a strict normal crossing divisor, such that m
extends to a morphism 7 : Y — T. Since Pic(T) — Pic(T) is surjective, we may
replace T with T. As above, we may replace Y with Y. Thus, changing notation,
we may assume that 7 : U — T extends to 7 : Y — T. By lemma 3.2.5, we may
assume that L; = 7*(M;) for j =1,...,r.

Suppose that dim;T = 0, then M; = Og, so L1 = Oy. Since ¢ (Oy) is the
zero endomorphism, the case dim;7T = 0 is settled.

Suppose that dim;7 = r > 0. We may write M; = N ® M !, with both N
and M very ample line bundles on 7. Using the formal group law as above, we
may assume that M; is very ample on 7.

Since k is infinite, the Bertini theorem tells us that there is a section s of M
with smooth divisor 7;. Let Y be the subscheme of Y defined by 7*s = 0. Since
Y is a divisor on Y, we may write Y = Y; + A, with A and Y; effective, having no
common components, and with A supported in the strict normal crossing divisor
Z. Since 7w : U — T is smooth, it follows that U; := Y7 NU is a smooth dense open
subscheme of Y7. Let r: Ty — T, j; : Uy — Y7 be the inclusions.

By resolution of singularities, there is a projective birational morphism g : ¥ —
Y which is an isomorphism over U, such that g*(Y) and the exceptional divisor of
g are strict normal crossing divisors on Y. As above, we may replace Y with Y and
L; with g*L;. Changing notation, we may assume that Y7 is smooth.

Since Ly = Oy (Y1 + A), and A is supported on Z, it suffices to show that the
class of [Y, Oy (Y1), La, ..., Ly] is in i,.Q.(Z). Letting ¢; : Y7 — Y be the inclusion,

we have
[Y,Oy(Y1),..., L] = i1.[Y1,4] Lo, ..., i L,].

Since 7y, : Y1 — T is smooth and equi-dimensional on the dense open subscheme
Ui, and since the restriction of ¢7L; to Y7 is 7T|*Y1 (r*M;j), we may use induction
to conclude that (Y1,4}La,...,47L,) is in the image of 2, (Y1 N Z), completing the
proof in case k is infinite.

If k is finite, the same argument works: at the point at which we need to find
a section of the very ample line bundle M; with smooth divisor, we enlarge k as in
remark 2.3.8 and use lemma 2.3.5 to descend. O

THEOREM 3.2.7. Suppose that k admits resolution of singularites. Let X be
a finite type k-scheme, i : Z — X a closed subscheme and j : U — X the open
complement. Then the sequence

%

0.(2) & 0,(X) L5 Q,(U) — 0,
s exact.
PROOF. Step I. We first prove that the map
7 24(X) — Z.(U)
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is surjective. Let [f : Y — U, Ly,..., L] be a cobordism cycleon U. As f:Y — U
is a projective morphism and Y is smooth and quasi-projective over k, there exists
a closed immersion Y — U x PV for some N, with f being the projection on U.
Let Y be the closure of Y in X x PV, Applying resolution of singularities, there
is a projective birational morphism 4 : Y — Y which is an isomorphism over Y,
such that Y is smooth (and quasi-projective as well). Thus f =piopu: Y - X
lifts f. Moreover, as the restriction map Pic(Y) — Plc(Y) is onto, one can extend
the line bundles Lq,..., L, on Y to line bundles l~}1, .. L on Y. The cobordism

cycle [f 1Y — X,Ll,...,ir] on X clearly lifts [f : Y — U, Ly,...,L;], thus
proving the surjectivity. In particular this implies the surjectivity of the maps

Step II. We prove that the map

ker(Z,(X) — Q.(X)) L ker(Z,.(U) — Q.(U))
is surjective. Since each of the maps
Z.(X) = Z.(X) = Q,(X) - Q(X)
are surjective, an easy diagram chase shows it is sufficient to prove that the maps

ker(Z, (X) = 2,(X)) & ker(£.(U) — 2,(0))
and .
Ker(2, (X) — ©.(X)) L ker(, (U) — 0.(0))
are surjective, and that
J (kex(Z,(X) — Q.(X))) > ker(Z.(U) — Z.(U)).
By lemma 2.4.7, ker(Z,(U) — Q,(U)) = (RJ°*)(U) is the subgroup of Z, (U)
generated by elements of the form:
Y - ULy,....,L] | — [Z = U,i*(L1),...,i" (Ly—1)]

with » > 0, [Y — U, Ly,...,L,] a standard cobordism cycle on U, and i : Z — Y
the closed immersion of a smooth divisor in Y such that L, Oy( ). By step
I, one may find a standard cobordism cycle [f Y — X, L1, e LT] on X lifting
Y - U,Ly,...,L,]. Leti: Z — Y be the closure of Z in Y.

Applying resolution of singularities (to Z C Y), there is a projective birational
morphism z : Y’ — Y, such that p is an isomorphism outside of Z \ Z, and such
that the proper transform p~'[Z] is smooth. Replacing Y with Y, and L; with
M*fjj and changing notation, we may assume that the closure Z of Z is smooth.
Since L, = Oy (Z), we may take L, = Oy (Z). Thus the element

Y - X, Ly,..., L) — [Z — X,i*(L1),...,i*(Lr_1)]

is an element of (RZ°*)(X) lifting the given element of (R¢)(U).
We now show that

ker(©, (X) — Qu(X)) 5 ker(2,(U) — Q.(U))

is surjective. By proposition 2.5.15, we know that ker(Q, (U) — Q. (U)) is generated
as a group by the elements of the form

feo&i(Ly)o-- o0& (Ly)([F(L, M)] - [L & M]),



3.2. LOCALIZATION 53

where f : Y — U is a projective morphism with Y irreducible and smooth,
(L1,..., L., L, M) are line bundles on Y, and F(u,v) is a fixed choice of a lift-
ing of FL(u,v) to M*(k)[[u,v]] (see 2.5.13). Again by step I, we may lift such an
element to the element

JZ* Oél(z/l) Q- Oél(f/r)([F(-Z’?M)] - [i®M])7

which obviously lies in ker(Q, (X) — Q.(X)).
Finally, we show that

7 (ker(Z.(X) — Q.(X))) D ker(2.(U) — Z,(U)).

Indeed, lemma 2.4.2 shows that ker(Z,(U) — Z,(U)) is generated by elements of
the form

x:=Y -Un*"My,...,n%Mp,Lyy1,..., L),

where 7 : Y — T is a smooth equi-dimensional morphism to a smooth quasi-
projective k-scheme T of dimension < 7, and M, ..., M, are line bundles on T
By step I, we can lift = to an element 7 := [}7 — X,il,...,f/m] of Z,(X). By
lemma 3.2.6, there is an element 7 in Z,(Z) such that 7 —i,(n) is in ker(Z,(X) —
02,(X)). Thus 7 —i.(n) is a lifting of = to ker(Z,(X) — Q.(X)). This completes
step II.

Step III. The kernel of j* : Q. (X) — Q. (U) is generated by differences
[f:Y = X, Ly,.... L= [f: Y = X, L},..., L]

of standard cobordism cycles which agree on U. Indeed, take 2 € Z,(X) whose
class in 2, (X) lies in the kernel of j* : Q. (X) — Q. (U). By step II, we may modify
z by an element in ker(Z,(X) — Q.(X))), so that j*z =0 in Z,(U). Since Z,(U)
and Z,(X) are the free abelian groups on the standard corbordism cycles, it follows
that = can be expressed in Z,(X) as a sum of differences of standard cobordism
cycles on X which agree on U, as required.

Step IV. We finally prove that the differences [f : YV — X,L1,..., L] —[f" :
Y — X,L},..., L] of standard cobordism cycles which agree on U lie in the im-

age of 0,(Z) &> Q.(X). Let a denote [f : Y — X,Ly,...,L,] and o’ denote
[f:Y —-X,L,...,L].

IfY xx U and Y’ xx U are both empty, then clearly [f : Y — X, Ly,..., L]
and [f':Y' — X, LY,..., L] both are in the image of i..

IfY xx U and Y’ xx U are (both) non-empty, then choose a U-isomorphism
oY xxU =Y xxU. Let ' CY xx Y’ be the closure of the graph of ¢.
Resolving the singularities of T', we have a Y in Smy,, with projective morphisms
p:Y'" =Y, 1/ :Y"” =Y’ which are isomorphisms over U, and with fou = f'ou'.
We may also assume that (fu)~1(X \ U) is a normal crossing divisor on Y. Let
B=1Y"—- X, u Ly,...,px* L) and ' = [Y" — X, p/* L, ..., W* L], so

a—d =(a-p)—(a=7)— (8 -5).

It suffices to prove that a— (3, o/ — 3" and 3’ — 3 lie in the image of Q. (Z) X Q. (X).

As (fpu)~1(X \ U) is a normal crossing divisor on Y”, we may apply propo-
sition 3.24 to Y — Y: if F = Y \ Yy, there is an € Q.(F) such that
(1] — [Idy] = ip«(n) in Q.(Y). Applying the ¢;(L;) and pushing forward by f
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shows that o — 3 lies in the image of Q,(Z) LN Q.(X). This reasoning shows the
same holds for o — /3’

It remains to show that 3 — 3 lies in the image of Q.(Z) 2 Q.(X) as well.

Since f, maps Q. ((fu)~1(Z)) to Q.(Z), we may replace X with Y”. Changing
notation, we may assume that X is smooth and quasi-projective over k and that
Z is a strict normal crossing divisor on X. Since j*L; = j*L, it follows from
lemma 3.2.5 that 8’ — § is in i.(Q.(Z)).

This finishes the proof of theorem 3.2.7. [

3.3. Transversality
The main task of this section is to prove

PrOPOSITION 3.3.1. Let k be a field. Let W be in Smy, and let i : Z — W be a
smooth closed subscheme. Then Q.(W) is generated by standard cobordism cycles
of the form [f : Y — W] with f transverse to i.

We need a series of technical results before we begin the proof. Let Y := (Y;;),
0 <i<r, 1<j<r bethe generic r+ 1 x r matrix and let B = Speck[Y};].
Let X = (Xo,...,X,) and let Z C B x P, with projection u : Z — B, be the
subscheme defined by the matrix equation XY = 0. We let B; C B be the reduced
closed subscheme defined by rnkY <i,i=0,...,7 —1 and let Z; = u~*(B;). Note
that B;41 is the closed subscheme of B defined by the ideal of ¢ x ¢ minors of (Y;;).
Form the sequence of blow-ups

(3.3.1) B . . =B, B'=B

where 7,11 : B! — B’ is the blow-up of B’ along the proper transform of B;.
Form the sequence of blow-ups

(3.3.2) AN/ xrightarrown Z° = Z

similarly, replacing B with Z and B; with Z;. The map p° := p induces the map
ut s Z — B, forming a big commutative diagram of B-schemes. Let (B;) C B’
denote the proper transform of B; and let Eit! C B! denote the exceptional
divisor ;% ((B;)). Similarly, let (Z;) C Z* denote the proper transform of Z; and

let B! ¢ Z'*1 denote the exceptional divisor 7 ((Za)

LEMMA 3.3.2.

(1) B;\ Bi—1 and Z; \ Z;—1 are smooth for alli.

(2) Z is smooth and irreducible.

(3) B is smooth and the proper transform of B; to B® is smooth; Z' is smooth
and the proper transform of Z; to Z' is smooth.

(4) The maps 7; : E*N{(B;) — (B;_1) and p*~' : (Z;_1) — (Bi_1) are smooth
foralli=1,...,r.

(5) the maps u' are all birational and " and 7, are isomorphisms.

PROOF. (1) is some elementary linear algebra. For the remainder of the asser-
tions, we proceed by induction on r, starting with r = 1. In this case B = A%, and
Z is the blow-up of A2 at the origin. Since B = By, By = (0,0), the result follows.
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Assume the result for r — 1, with r > 2. By is the 0-matrix, and Zy C Z is the
subscheme defined by the ideal generated by the Y;;. Thus Zy = By x P, so By
and Zy are both smooth.

Z is covered by the affine open subschemes X; = 1, ¢ = 0,...,r; we consider
the open subscheme U defined by Xy = 1. Let ¥ be the square submatrix (Y35),
1<i:<r,1<j<rofY, and let Yy and X be the row vectors (Yo;), (X5),
1 < j < r, respectively. U is the closed subscheme of B x A" defined by the
matrix equation Yy = —XY. Clearly the coordinates Yj;, X;, 1 < 4,5 < r give
an isomorphism of U with AT2+T, hence Z is smooth and irreducible, proving (2).
This also shows that Z! and B' are smooth.

Let B = Proj,k[Y;;] = P"*+Y=1 and let Z C B x P be the closed subscheme
defined by the bihomogeneous matrix equation XY = 0, with morphism fi : Z — B.
The projection from 0 € B defines morphisms 7 : B — B, 7 : Z' — Z, which make
B! and Z! into P'-bundles over B and Z respectively. Defining closed subschemes

B; C B and Z; C Z by the rank conditions as above, we see that 7~!(B;) is the
proper transform of B; to B! and 7#~1(Z;) is the proper transform of Z; to Z*.

Let V;; C B be the open subscheme for which Y;; # 0 for some ij, 0 < <,
1<j<r. andletU; = ﬂ_l(Vij). Since B = Ui; Vij, we have Z = Ui;Us; . We
prove (3)-(5) by induction on r. Noting that have already shown that Zy; — By is
smooth, it suffices to prove the evident analogs of (3)-(5) for the restriction of &i to
Uij — Vij, with Z, By, replaced by U;; N Zy and V;; N By, respectively. It suffices
to consider the case ij = 01.

As above, Uy is given by the matrix equation XY = 0, except that Yy, = 1.
Let B’ = Speck[{Y}; |0 <i<r—1,1<j<r—1}],and let Z' C B’ xP"! be the
solution of the matrix equation X'Y’" = 0, X’ = (Xp,...,X,—1) the generic row
vector of length r. Multiplying (Y;;) (with Yp; = 1) on the right by the appropriate
elementary matrix to make the first row of ¥ the unit row vector (1,0,...,0)
transforms the equation XY = 0 to an equivalent system of the form

1 0
X (A Y//) =0;
one sees thereby that there are smooth morphisms ¢ : Vo1 — B, ¢ : Upy — 7'
intertwining Up; — Vp1 and Z/ — B’, with

q '(B}) = Vo1 N Biya
G (V)) =Uo1 N Vigs

The induction hypothesis then implies the properties we need for Uy; — V1. 0O

In what follows, we say that a morphism f : Y — X is a locally closed im-
mersion if f factors as Y % U £ X, with g a closed immersion and j an open
immersion.

We consider the following situation: Let X be a smooth irreducible affine variety
over k, Y C X a smooth irreducible closed subvariety of codimension 4 1. We are
given a closed subset C' of Y and a smooth closed subscheme D C X, intersecting
Y \ C transversely. We are given as well a finite dimensional k-subspace V of
I'(X,Ox) such that, for all sufficiently large IV, there is an open subset Uy C V¥
such that each element f = (f1,..., fn) € Uy defines a locally closed immersion



56 III. FUNDAMENTAL PROPERTIES OF ALGEBRAIC COBORDISM

f:Y — AN. Finally, we suppose that Y is a complete intersection, defined by
elements Xy, ..., X, € I'(X, Ox).

Take fi; € V,0<i<r,1<j<r andlet F; =3 (X;fi;. Let T C X
be the closed subscheme defined by 1 = ... = F,. = 0; clearly Y C T". Let Tiing
denote the non-smooth locus of T. Let f;; denote the restriction of fi; to Y.

Let pi: T — T be the blow-up of T along Y, let Y = =} (Y) and let u: Y — Y
be the restriction of pu. Let Y;—1 C Y be the subscheme defined by the vanishing
of the i x i minors of f;; and let Y; = p~%(Y;). Define 7, : Y0+D — y(®
inductively by settting Y(®) = Y and letting 7,1 be the blow-up Y(®) along the
proper transform of Y;. Replacing Y with Y, we have the blow-ups Tit1 y i+
Y@ defined similarly.

LEMMA 3.3.3. Suppose k is infinite and that r(r + 1) > 2dim;Y + 1. Suppose

that there is an open subset VS(TH) of V'Y such that, for all f € VS(TH), we
have

(a) T\Y is smooth; T is irreducible and of codimension r in X
(b) T\Y intersects D transversly.

Suppose in addition

(c) for each pointy € Y, there is an f € V with f(y) # 0.

Then for all (f;;) in an open subset of VS(TH):

(1) T and Y are smooth and irreducible

(2) For each irreducible component C' of D, dim u~*(C") = dim C".

(3) the restrictions p: T\ C — X and p: Y \ C — X are transverse to the
inclusion D — X.

(4) p : Y — Y is birational, the schemes YO and Y are smooth, the
proper transforms of Y; to YO and of Y; to YO are smooth and the map
Y = Y™) induced by W is an isomorphism.

PRrROOF. By (a), T is Cohen-Macaulay and generically reduced, hence reduced.
Let p : X — X be the blow-up of X along Y; we have the canonical closed
immersion 7' — X identifying T with the proper transform p~1[T]. X is the closed
subscheme of X x P" defined by the equations X;Y; = X;Y; for 0 < ¢,j < r (with
Yo,...,Y, the homogeneous coordinates on P"). Let E C X be the exceptional
divisor of p, then E N p~'[T] is the exceptional divisor Y of .

We now prove (1). T — T is an isomorphism over every point # such that ¥
is a Cartier divisor on T since Y has codimension one in 7', this is the case for all

zeTl \ Tsjng. ~
Let U C X be the open subscheme Yy # 0. This gives us affine coordinates
u; :=Y; /Yy, i=1,...,7, ug = Xo; with respect to these coordinates, we have

P*Fy = uo(p* foj + ) wip” fij)

i=1

on U. Define functions p*[F;] on U by

p*[Fj] == p" fo; + Zuip*fij~

=1
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We claim that p~![T] N U is the subscheme 7" of U defined by p*[F;] = 0, j =
1,...,r.

To see this, it is clear that 7"\ E = (p~}[T]NU) \ E and that 7" > p~}[T]NU.
Since T is reduced, hence so is p~1[T], hence to to show that 77 = p~![T]| N U, it
suffices to show that 7" N E =p~[T]NU N E.

For this, note that, the restriction of p to p : ENU — Y identifies ENU
with the affine space AY, with coordinates uy,...,u,. By our assumption on V,
for N >> 0, all f := (f1,...,fny) in an open subset of VY give a locally closed
immersion f : Y — AY. By our assumption (c), if we are given a point y € Y, for
a general choice of f € V the functions u; - fop,...,u, - fop give a Y-isomorphism
ENU — Ay over a neighborhood of y. Let W be the k-vector space of functions
on FNU generated by the functions of the form fop,u; - fop,...,u.- fop for
f €V Then for N sufficiently large, a general element g € WV gives a locally
closed immersion g : ENU — AN. Thus, by Bertini’s theorem, if we take elements
G1,...,G, of the form

N
Gj 229137 .j:la"'ara
i=1

the subscheme of £ N U defined by G; = ..., G, = 0 is smooth and irreducible of
codimension 7. But each G; can be rewritten as a linear combination of the form

Gj = fojop+ Zui fijop
i=1
with the f;; € V. Thus, for a general choice of (f;;) € VY7(r+1) | the subscheme T'NE
of ENU is smooth, irreducible and has codimension r on ENU; since p~ TN E
also has codimension r on E, we must have 7" N E = p~}[T]NU N E as desired.

This also shows that Y N U = T NU N E is smooth for general (f;;); since
our choice of special coordinate Yy was arbitrary, Y = T'N E is smooth for general
(fi;)- But since p~'[T]NU =T’ is a complete intersection on U, p~![T] is Cohen-
Macaulay. Since p~1[T]\ E and p~![T] N E are both smooth, this implies p~1[T] is
smooth, proving (1).

For (2), noting that E — Y is a P"-bundle, p~!(C”) has dimension dim C” + r.
Using Bertini’s theorem as above, we find that p~!(C’) N p~![T] has dimension
dim C” for general (f;;), proving (2).

To show (3), T'\ Y intersects D transversely for general (f;;) by assumption.
As in the argument for (1), it suffices to show that p: p=1(Y'\C) — X is transverse
to D — X. By assumption DNY \ C is smooth of the proper dimension. As in the
proof of (2), p"1(DNY \C) — DNY \ C is a smooth map of relative dimension r;
the argument for (1) using Bertini’s theorem shows that p~![T]Np~1(DNY \C)NU
is smooth and has the same dimension as D NY \ C, which proves (3).

Finally, for (4), we apply lemma 3.3.2; we use the notation of that lemma. The
matrix (f;;) defines a morphism

f:Y — B:=Speck[{Yi;] |0<i<r1<j<r}.

Since we are assuming r(r + 1) > 2d + 1, the Whitney embedding theorem im-
plies that, for all (ﬁ]) in an open subset of V"("t1) the map f is a locally closed
immersion, in particular, f is unramified. We want to show that the morphism
Z — B pulls back via f to the morphism ¥ — Y, and that the blow-up sequences
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(3.3.1) and (3.3.2) pull back via f to sequences of blow-ups with smooth center.
Assuming the first statement, the smoothness condition of lemma 3.3.2(4) implies
that it suffices that the map f be transverse to the inclusions B; \ B;_1 — B for
i =0,...,r. By Kleiman’s transversality theorem [13, Theorem 10], this will be
the case if we change f by a sufficiently general affine linear transformation of the
affine space B, which implies that f satisfies the necessary transversality condition
for all f in an open subset of V" ("+1),

We finish the proof by showing that ¥ — Y is the pull-back of Z — B for
general f. T C T xP" is the closed subscheme defined by the kernel of the surjection

(k[Xo...,Xn)/(Fy,...,F)[To, ..., T] = k[Xo ..., XN]/(FY, ..., F})

sending T; to X;, i =0,...,7. Clearly the elements ), T} f;; are in this kernel; the
local computations of p~![T] we made above show that these elements generate the
kernel. AsY C T is defined by the ideal (Xo, ..., X,), this shows that ¥ = p~1(Y)
is the subscheme of Y x P" defined by the matrix equation (Tp,...,T}) - (fi;) =0,
ie,Y 27 xpY as a Y-scheme, as desired. O

We now consider a global version of the situation. Let X C PM be a smooth
quasi-projective scheme, ¥ C X a smooth closed subscheme of codimension r + 1
defined by an ideal-sheaf Z. We suppose r(r+1) > 2dim;Y +1. Let D be a smooth
closed subscheme of X, and let Y C X be the closures of Y and X in PM.

Let Ox(1) be the restriction of O(1) to X. Choose an n > 1 such that
Ty (n) is generated by global sections on X and choose generating global sections
81,..,8m € H(X,Z(n)). Fix a degree d > 1 and let (fi;) € H°(X,Ox(d))™ be
an m x r matrix of elements of H°(X, Ox(d)). Set

m
Fj:zzsifij; jzl,...,T,
=1

and let 7" C X be the closed subscheme defined by Fy = ..., Fj, = 0. Then Y C T}
let 4 : T — T be the blow-up of T" along Y.

LEMMA 3.3.4. Suppose k is infinite. Let C C'Y be a closed subset of Y such
that Y \ C intersects D transversely. Let V be the image of H°(PM O(d)) in
HO(X,0x(d)). Then for all (f;;) in an open subset of V™"

(1) T is smooth, p=*(Y) is smooth, dimT = dimY + 1 and p: p= (V) = Y
is birational. In addition, the map p: u=*(Y) — Y factors as

) =yo g & Ly

|

— V0
Y=—=Y' g g oY

where all the Y and Y are smooth, and the maps 7; and 7! are all blow-
ups along smooth subschemes.
(2) dimp=*(C") = dim C’ for each irreducible component C' of C.
B)p:T\p YC) = X and p : p=" (Y \ C) — X are transverse to the
inclusion D — X.

PrROOF. We may assume that X is irreducible. We claim that the vector space
W of sections of Z(n+d) of the form s; f, f € V,i=1,...,m, define a locally closed
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immersion of X \ Y in a projective space. To see this, let X* — X be the blow-up
of X along Y. The generators si,. .., s,, of Zy(n) define a closed embedding of X *
in X x P71 and the map X \ Y given by W is just the composition

X\Y CX*CXxPnt L pMypm-l 5, pMim-1)-1
where 4 is the closed immersion induced by X c PM and S is the Segre embedding.
This proves our claim.

It follows, therefore, from Bertini’s theorem that T\ Y is smooth and irreducible
and TND\Y is smooth for all f;; in an open subset of V7(+1 In particular let X’
be an affine subset of X contained an the open subscheme gf # 0 for some f € V
and some g € H°(X,0x(n)), and such that Y N X’ is a complete intersection
defined by some collection s;,/g, ..., Si, /g, then the functions (1/f)V on X’ satisfy
all the hypotheses for lemma 3.3.3. Also, we can rewrite the F; on X’ as functions

! - ]‘ !/ .
F; kzzogfslkfkj, j=1,...,m
Let f’/w be the restriction of f,’cj/f to Y N X' and let (Y N X’);_1 be the closed
subscheme defined by the vanishing of the i x i minors of (f; ;)- It is clear that the
(Y NV), for varying V patch together to form a closed subscheme Y; of Y.

ThedataYNX' C X', CNX' and DNX' C X', generators {s;,/9g,--.,:./g}
of Z(V), vector space of functions (1/f)V and subschemes (Y N X'); thus gives a
special case of the data used in lemma 3.3.3. An open condition on the matrix
(fi;/f) will be implied by an open condition on the matrix (f;;). Covering X by
finitely many affine open subsets of the type described above, we see that a finite
intersection of the resulting open subsets of V("1 gives the desired open condition
on the matrix (f;;). O

LEMMA 3.3.5. Let B be a quasi-projective variety over k, E — B a vector
bundle. Then there is a smooth projective variety H over k, a vector bundle By —
H and a morphism f: B — H such that f*Ey is isomorphic to E.

PRroOOF. This is proved in [8]; we give the proof here for the reader’s conve-
nience. B is quasi-projective, let i : B — P be a locally closed immersion. FE(n)
is generated by global sections on B for some n > 0; choosing M global genera-
tors gives a morphism s : B — Gr(r, M) such that E = s*U, s, where U, pr —
Gr(r, M) is the universal rank r quotient bundle. Taking H = PN x Gr(r, M),
Ey =p;O(—n) @ p3U, m and f = (i, s) yields the desired result. O

PROOF OF PROPOSITION 3.3.1. We first reduce to the case of an infinite base
field. If K D k is a finite separable field extension, and if f : Y — W x, K := Wk is
transverse to the base-extension iy : Zx — Wk, then pyo f: Y — W is transverse
to ¢. Thus, using lemma 2.3.5 and the standard trick of taking extensions of k of
relatively prime degrees allows us to assume the base field is infinite.

By lemma 2.5.11, Q. (W) is generated by the cobordism cycles of the form
[f : Y — W]. We proceed by induction on dim;Y, starting with the trivial case
dim = —1.

Assume the result for all [Y — W] with dim;Y < r, and for all W € Smy,. We
first note that this implies the result for [f : Y — W] with dim;Y = r, such that f
factors as

vy BLw
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with p: Y — B a projective space bundle P(F) — B for some vector bundle E of
rank r > 2, and g : B — W a projective morphism in Smy. Indeed, by lemma 3.3.5,
we have a morphism s : B — H, with H smooth and projective over k, and a vector
bundle Ey — H such that s*Ey =2 E. Let h = (9,s) : B — W x H. Then h
is projective; since dimypB < r, we may write [h] = Y . n;[f; : B; — W x H| in
0, (W x H) with each f; transverse toixId: ZxH — W x H. Let ¢ : P—> W x H
be the projective space bundle P(p; Ey). Then by taking the smooth pull-back by
q, we have

[h: WP —P| = an[ﬂ CfiP— P

in Q.(P). Pushing forward to W by p; o ¢ writes [Y — W] as a sum of maps
[f#P — W] which are transverse to i : Z — W.

Similarly, the induction assumption implies the result for the decomposable
elements Q, (W) N L,>1Q. (W) in Q,.(W).

This allows use to make the following reduction:

Claim: Let [f : Y — W] be a cobordism cycle with dimY = r, and let u : Y Y
be a projective birational map in Smy. Suppose that the map p admits a weak
factorization: there is a commutative diagram of projective Y -schemes, with each

AVERVAN

Yn—l Yn+1 — Y

\w//

“w

such that each slanted arrow is the blow-up of the base along a smooth subscheme.
Then the result is true for [fopu : Y — W] if and only if the result is true for
[f:Y = W]

PROOF OF CLAIM. Let ¢ : Y7 — Y5 be the blow-up of Y5 € Smy, along some
smooth closed subscheme F of Y5, and let f : Yo — W be a projective morphism.
Suppose Y5 has dimension r. The blow-up formula of proposition 2.5.2 together with
the consequences of the induction hypothesis we have already mentioned implies
that the result is true for [f o ¢ : Y7 — W] if and only if it is true for [f : Yo — W].
The existence of the weak factorization of y thus yields the claim. O

Now take a cobordism cycle [Y — W] with dimyY = r. Since f is projective,
there is a closed immersion ¥ — P x W such that f is the restriction of the
projection. By increasing n, we may assume that Y has codimension r on P" x W
with r(r + 1) > 2dim;Y + 1. Let Yy C Y be the singular locus with respect to
Z — W, that is, the minimal closed subset C' of Y such that the f : Y\ C — W is
transverse to Z — W. We proceed by induction on dim Yj to show that the result
holds true for [Y — W].

W is quasi-projective, hence so is P* x W. We may thus apply lemma 3.3.4
with X =P" x W, with C' = Yy and with D the smooth closed subscheme P” x Z.
In particular by lemma 3.3.4(5), p~'Y — Y admits a weak factorization, so by
the claim, it suffices to prove the result for [f o pu: p=1(Y) — W]; by the lemma,



3.4. HOMOTOPY INVARIANCE 61

f o p is transverse to i away from a closed subset Y of the same dimension as
Yy. In addition, z~(Y) is a divisor on a k-scheme 7' € Smy, and f o u extends to
the projective morphism ps o i : T — W, which is transverse to i away from Yj.
Changing notation, we may assume that Y is a divisor on some 7" € Smy, such that
the morphism f : Y — W extends to a projective morphism F' : T'— W and that
F:T\Yy— W is transverse to i : Z — W.

We can find very ample line bundles L and M on T such that O7(Y) = Lo M 1.
Using the formal group law, and working modulo decomposable elements, we see
that it suffices to prove the result for the divisor Y’ of a general section of a very
ample line bunde, say L, on T, with map Y/ — T ow. Now, since the non-
transverse locus of F' : T — W is contained in Y, if Y is the divisor of a sufficiently
general section of L, then by Bertini’s theorem, Y’ is smooth, dim(Y’' NYy) =
dim Y5 —1, and Y'\ Yy — W is tranverse to i. By induction, we may write [Y/ — W]
as a sum of cobordism cycles of the desired form, completing the proof. O

3.4. Homotopy invariance

In this section, we show that, for a finite type k-scheme X, the smooth pull-
back p* : Q. (X) — Q,y1(X x Al) is an isomorphism. We assume that & is a field
admitting resolution of singularities; in particular, k is perfect.

PROPOSITION 3.4.1. Let X be a finite type k-scheme, and let p: X x Al — X
be the projection. Then p* : Q,(X) — Q.11(X x Ab) is surjective.

ProOF. If X is a finite type k-scheme, then Q,(X) = Q.(Xyed), S0 we may
assume that X is reduced. Since k is perfect, X has a filtration by reduced closed
subschemes

(Z):X()Cch...CXN:X

such that X; \ X,;_; is in Smy. Using noetherian induction, we may assume the
result is true for Xy_;. Letting U = Xn \ Xny_1, the commutative diagram of
localization sequences

O (Xn1) —— O (X) Q.(U) 0

J | l

Q*Jrl(XN,l X Al) — Q*+1(X X Al) — Q*+1(U X Al) —0

and a diagram chase reduces us to the case of X € Smy.

Take X in Smy. Using lemma 2.3.5 and the standard trick of taking extensions
of k of relatively prime degrees, we reduce to the case of an infinite field k.

By resolution of singularities, there is a smooth projective k-scheme X con-
taining X as an open subscheme. Since Q,(X x A!) — Q,(X x Al) is surjective,
it suffices to prove the result for X. Changing notation, we may assume that X is
projective.

By proposition 3.3.1, it suffices to show that cobordism cycles of the form
[f : Y — X x A'] such that f~'(X x 0) is smooth and codimension one on Y
are in the image of p*. If f : Y — X x A! is such a projective morphism, then,
as X is projective, paf : Y — Al is smooth over a neighborhood of 0 in A!. Let
m : Al x A — A! be the multiplication map m(z,y) = xy. The map m is flat, and
is smooth over A\ {0}. Since Y is smooth over a neighborhood of 0, it follows that
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Y =Y x4 (Al x Al) is in Smy,. Let g : Y, — X x Al x Al be the projection.
Then g7 1(X x Al x 0) = f71(X x0) x Al and g7 (X x Al x 1) =Y. It is easy to
check that g : g71(X x Al x0) — X x Al is isomorphic to p*(f : f~1H(X x0) — X).

By resolution of singularities, we may extend ¢ : Y;, — X x A! x A! to a pro-
jective morphism § : Y, — X x A' x P!, with Y}, smooth over k. By remark 2.4.8,
g gives a cobordism between f and something in the image of p*. (I

THEOREM 3.4.2. Let k be a field admiting resolution of singularities. Let X be
a finite type k-scheme. Then p* : Q,(X) — Quyn(X x AN) is an isomorphism for
all N.

PROOF. As for proposition 3.4.1, we may assume that k is infinite. It suffices
to prove the case N = 1. Having proved surjectivity in proposition 3.4.1, it suffices
to prove the injectivity of p*. Let in : X — X x P! be the inclusion iy (x) =
(x,(1:0)). Consider the localization sequence

(X)) =5 0, (X x P L5 0, (X x Al) = 0.
Let ¢ : X x P! — X be the projection, and let 1 : Q,(X x P!) — Q,_1(X) be the

map
¥(n) = ¢.(e1(0(1))(n)).
If 1) = G0ox (7) for some 7 in ,(X), then
&1 (O(1)) (1) = ioox (€1(ice (O(1)))(7))
= lioox (1(Ox)(7))
=0.
Thus, ¥ 0 iy, = 0, and 1 descends to a well-defined homomorphism
P (X x A = Q. (X).
On the other hand, for 7 in Q.(X) of the form [f : Y — X],
Yo g (1) = q(E(O)([f x1d: Y x P! — X x P'])
= qulicoo f:Y — X x P!
=[f:Y=X]=r,
since (f xId)*(O(1)) has the section X with smooth divisor ¥ x oo. Since classes of

the form [f : Y — X] generate Q,(X) by lemma 2.5.11, it follows that 1) o ¢* = Id,
hence 1 o p* = 1d, and p* is injective. (]

3.5. The projective bundle formula

To simplify the notation, we pass freely between the category of line bundles and
the category of invertible sheaves, writing for instance ¢ (£) for the endomorphism
¢1(L), if L is a line bundle with sheaf of sections L.

3.5.1. Support conditions. Let X be a finite type k-scheme, and i : FF — X a
closed subset; give F' the reduced scheme structure. Let Q(X) C Q.(X) denote
the image of i, : Q. (F) — Q. (X).

LEMMA 3.5.1. Let F be a closed subset of X.

(1) Let f(u1,--.,un) be a power series with Q. (k) coefficients. Choose invert-
ible sheaves Ly, ..., Ly on X. Then f(¢1(L1),...,¢1(Lm)) preserves the
subgroup QI (X).
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(2) Let p : Y — X be a smooth quasi-projective morphism, q : X — Z a
projective morphism. Then p* maps QL (X) to o (F)(Y), and g, maps
QF (X) to Q15 (X).
PROOF. (2) follows directly from the definition of smooth pull-back and proper
push-forward. Similarly, (1) follows from the projection formula

(L) (irs(n) = ir«(C1(iRL)(0)),

for £ an invertible sheaf on X, n an element of Q. (F'). O

3.5.2. Projective bundles. Let X be a k-scheme of finite type, let p : £ — X be
a vector bundle of rank n + 1, giving the P"-bundle ¢ : P(§) — X, with canonical
quotient invertible sheaf O(1). Write & for the operator ¢;(O(1)). We have the
group homomorphisms

¢j =& oq" 1 Qi j(X) — QU(P(E));
let
Pxe 1 Bf—Qint; (X) = Qu(P(E))
be the sum of the ¢;.
In the case of a trivial bundle & = 0%, we have
P(€) = Projo, Ox[Xo, ..., X,] = P%,

and O(1) is the invertible sheaf with ¢.O(1) the O x-module generated by Xo, ..., Xn.}]
Let ¢y, : P'¢ — P% be the subscheme defined by X,,4+1 = ... = X,, = 0, and let
gm : P¥ — X be the projection.

The following is an elementary computation, using the relations R3¢:

LEMMA 3.5.2. For & = O%M, we have €77 o ¢*(n) = im«(q(n)), and
¢ ("™ o q*(n)) = [P}'] - m. Also €77 = 0.

3.5.3. Some operators. We proceed to define Z-linear combinations of com-
posable expressions in &, ¢, and ¢*, which we write as vy, ..., ¥,. Evaluating the
expression 1; as an operator will define a graded map v; : Q. (P(£)) — Qu_n4,(X),
and, in case & = (9’;{"1, we will have

IdQ*(X) for 4 :j
0 for i # j.

We define the v; inductively, starting with 1y := g4 o £€*. Suppose we have
defined ¢; for i =0,....m—1,1 <m <n. Let

(3.5.1) ;o ({j oq*) = {

m—1
W = Qs O (f"_m o (Id— Z fj oq* owj)).
=0

It follows directly from lemma 3.5.2 that v, satisfies the conditions (3.5.1), and the
induction continues. We let ¥ be the formal expression H?:o 1;; having chosen a
finite type k-scheme X and a rank n+1 bundle £ on X, the expression ¥ determines
the homomorphism

Uy Q(P(E)) = OF_gQ—nij(X),
natural in the pair (X, £).
LEMMA 3.5.3. Suppose € = O}H. Then Ux go®yx e =Id.



64 III. FUNDAMENTAL PROPERTIES OF ALGEBRAIC COBORDISM

PRrROOF. This follows directly from the identities (3.5.1). O

THEOREM 3.5.4. Let k be a field admiting resolution of singularities. Let X be
a k-scheme of finite type, £ a rank n + 1 vector bundle on X. Then

Dot Doy (X) = QL (P(E))
is an isomorphism.

PRrROOF. We first consider the case of the trivial bundle £ = O?{H. We have
shown the injectivity of ® in lemma 3.5.3. We show surjectivity by induction on n,
the case n = 0 being trivial.

We have the inclusion i, : Py ' — P%; let j : A% — P% be the open
complement.

From lemma 3.5.2, we have the commutative diagram, where the first row is
the evident inclusion,

@?;&Q*7n+1+j (X) —_— @;L:OQ*_n+j (X)

qDX‘O}l léx'o}ﬂ

(B ) s U (P).

in—l*

The image of ©_; Qu—p4;(X) under & o7t therefore contains the image of 4, _1..
On the other hand, we have

jogi=j" 0t og" = (&(j*O(1)) op*

for all i. Since j*O(1) = Oyn , and ¢ (Opr ) = 0 by lemma 2.3.6, we have j*o¢; = 0
for ¢ > 0. Thus, using the localization sequence

QP ) 25 u(PY) Lo (%) -0,
we see that ® x,0mH! is surjective if
P =7"0¢0: Qn(X) = Q(AY)

is. The surjectivity of p* follows from the homotopy theorem 3.4.2.
We now pass to the general case. Choose a filtration of X by closed subschemes

=Xl xVNec..cXlcx'=X

such that the restriction of & to X™ \ X™*! is trivial. To simplify the text, we
omit the mention of the appropriate restriction of £ in the notation for ® and ¥;
similarly, we write simply & for the restriction of £ to the various locally closed
subsets X, \ X,n41 or X \ X,,,, etc.

Assume by induction that ® x\ x,, is an isomorphism. By the case of the trivial
bundle, ®x \x,,,, is an isomorphism.

It follows from lemma 3.5.1 that the maps ®x \x
to maps on the images

'y and Wy 5 descend

&

n X \Xm P m\Xm41 n
om\Xmit :@j=OQ*—n\+j XN Xpgr) — QS X\ X g1 (6))

]P’}m\xm 1 n n X\ Xm+1
g\ X1 T (Px\x,,.,, (6) = @jZOQ**n\ﬂ‘ VXN Xin)

with UXm\Xmt1 o @Xm\Xmi1 = Id. Thus X \¥m+1 ig an isomorphism.
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The localization sequences for the inclusions X, \ X;+1 — X \ X;na1 and
Py e (€) = P« (€) give us the commutative diagram with exact columns

0 0

XM\ Xm41 P

n OXm\Xm X\ Xy )
1IN X X)) T e ()
n ¢X\Xm+l n
B0 le—nt (X \ Xiny1) Q. (P x,,,,(€)
J J*
n Lx\xm n
B =45 (X \ Xim) — Q. (P x,, (£))
0 0.
As the top and bottom horizontal maps are isomorphisms, ®x\ x,,,, is an isomor-
phism, and the induction continues. (]

3.6. The extended homotopy property

LEMMA 3.6.1. Let 0 — L — & — F — 0 be an exact sequence of locally
free coherent sheaves on a finite type k-scheme X, with L an invertible sheaf, let
i:P(F) — P(E) be the associated closed immersion of projective bundles over X.
Let ¢ : P(€) — X, §: P(F) — X be the projections. Then

o g =a(g" LT @ O(1)¢) o g

PRrOOF. The subscheme P(F) of P(€) is defined by the vanishing of the map
p: ¢*L — O(1l)g induced by the inclusion £ — &; letting s be the section of
¢* L1 ® O(1)¢ induced by p, P(F) is defined by s = 0, so
Op(e)(P(F)) 2 ¢ L7 ® O(1)¢.
Let f: Y — X be a projective morphism with ¥ € Smy. The map f induces
the map f : P(f*€) — P(£), and the inclusion iy : P(f*F) — P(f*€). Then

¢*([f]) is represented by f, and (i.g*)([f]) is represented by f o iy. By the above
computation and the relations defining €., we have

[P(f*F) = P(f*E)] = [[*(¢"L™ @ O(1)e)].
Applying f., and using the definition of ¢;, we find
[f oiv] = F.(P(f*F) = B(f*E)))

aq L7 @ 0(1)e)((f])
(g L™ @ O()e)(q" ([F))-

O

LEMMA 3.6.2. 0 = Ox — & — F — 0 be an exact sequence of vector bundles
on a finite type k-scheme X, let i : P(F) — P(E) be the associated closed immersion
of projective bundles over X. Let q : P(£) — X, §: P(F) — X be the projections,
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and let i : P(F) — P(E) be the inclusion corresponding to the projection & — F.
Let £ = ¢1(0O(1)g), and let & = &1(O(1)#). Then

ino(foq) =g og
for all j > 0.

ProOOF. For j = 0, this is just a special case of lemma 3.6.1. In general, we
apply the projection formula:

ixo(f0q") =ino ("¢ o) =& 0inoq,
which reduces us to the case j = 0. [
THEOREM 3.6.3. Let k be a field admitting resolution of singularities, let p :
F — X be a rank n vector bundle over a k-scheme of finite type X, and let p :

V — X be a principal homogeneous space for F (i.e., an affine space bundle over
X). Then p* : Q.(X) — Quin(V) is an isomorphism.

PROOF. Let F be the sheaf of sections of F, and FP the dual. V is classified
by an element v € H'(X, F) = Exty, (Ox, F). Let
0—-0x -E—>FP 50

be the extension dual to v, giving the projective bundles q : P(£) — X, §: P(FP) —
X, and the inclusion i : P(FP) — P(€).

The complement of P(FP) in P(€) is isomorphic to V, as an X-scheme. Thus,
we have the localization sequence

(3.6.1) Q. (P(FP)) =, (P(£)) L5 Q. (V) — 0.
Let
K @;'L:_olﬂ*—n+l—j (X) - 69;’L:OQ*—n—j (X)
T @ n—j(X) — Qu(X)
be the evident inclusion and projection, giving the exact sequence
(3.6.2) 0 — @720 up41-5(X) == BF_pQemn—j(X) == Qu(X) — 0
It follows from lemma 3.6.2 that i, o ®x zp = ®x ¢ o k. Since P(FP) is the
subscheme of P(€) defined by the vanishing of the map O — O(1) corresponding
to the inclusion Ox — &, it follows that j*O(1) = O. Thus, j* o ®x ¢ = p* o .
Therefore, (®x zp,Px ¢,p*) defines a map of sequences (3.6.2) — (3.6.1). Since

by gp and Py gpgo, are isomorphisms by theorem 3.5.4, it follows that p* is an
isomorphism. (I

REMARK 3.6.4. The method used above can also be applied to prove the ana-
logue of theorem 3.6.3 for Chow groups as well as for the K functor.



CHAPTER IV

Algebraic cobordism and the Lazard ring

We are now in position to exploit the deeper structures of algebraic cobordism.
We first axiomatize these structures in section 4.1 with the definition of an oriented
Borel-Moore weak homology theory; the results of chapter III immediately imply
that €, is the universal such theory. We develop, following Grothendieck [9] and
Quillen [28], the theory of Chern classes of vector bundles with values in an ori-
ented Borel-Moore weak homology theory, and adapt the “twisting” construction
of Quillen to our setting.

In section 4.2, we show that algebraic K-theory is the universal oriented the-
ory with multiplicative formal group law and characterize the Chow ring as the
universaly additive theory in section 4.5.

The central result of this chapter is the identification of (k) with the Lazard
ring (theorem 4.3.7). In addition to our standing resolution of singularities assump-
tion, the proof uses the weak factorization conjecture, established in characteristic
zero in [1]. We give in section 4.4 an axiomatic treatment of Rost’s generalized de-
gree formula; the main results of this chapter and chapter III allows the application
of the degree formulas to €2,.

4.1. Weak homology and Chern classes

In this section, we introduce the notion of an oriented Borel-Moore weak ho-
mology theory. This notion is, as the terminolgy suggests, stronger than that of
an oriented Borel-Moore functor and weaker than the notion of an oriented Borel-
Moore homology theory, which will be introduced in in Chapter V. What we have
proven in Chapter I1T immediately implies that algebraic cobordism is such a theory,
assuming that k& admits resolution of singularities.

We then develop the theory of Chern classes of vector bundles for oriented
Borel-Moore weak homology theories. We deduce several results: comparison of
algebraic cobordism with K-theory, definition of the Landweber-Novikov opera-
tions in algebraic cobordism and a comparison of rational algebraic cobordism with
rational Chow groups.

Throughout this section, V will be an admissible subcategory of Schy.

4.1.1. Azioms for weak homology. We introduce three axioms concerning an
oriented Borel-Moore functor A, on V:

(PB). Given a rank n vector bundle E — X on X € V with sheaf of sections &,
let ¢ : P(£) — X denote the projective bundle, and let O(1)g — P(£) be
the canonical quotient line bundle of ¢*E. For each i € {0,...,n}, let

E(i) P Airion(X) — AL (P(E))

67
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be the composition

Acpin(X) Lo AL (p(e)) 20T,

Then the homomorphism
S €Y 0l Avicn(X) — AL(P(E))

is an isomorphism.

(EH). Let E — X be a vector bundle of rank 7 over X € V, and let p: V — X
be an E-torsor. Then p* : A,(X) — A4, (V) is an isomorphism.

(Loc). Let L — X be aline bundle on X € V. Suppose that L admits a section s :
X — L such that s is transverse in V to the zero-section of L; let i : D — X
be the subscheme defined by s. Then the image of ¢ : A, (X) — A._1(X)
is contained in the image of i, : A,_1(D) — A._1(X).

If (PB) holds, we shall say that A, satisfies the projective bundle formula.

A (P(B)).

REMARK 4.1.1. The axiom (Loc) is used to prove the Whitney product formula
for the total Chern class (see proposition 4.1.15 below). Applying (Loc) to the case
of a nowhere vanishing section of a trivial bundle (with D = ), we see that (Loc)
implies the property

(Triv). Let L — X be the trivial bundle. Then ¢; (L) is the zero map.

On the other hand, in the presence of (Triv), (Loc) is a consequence of the ax-
iom

(Loc’). Let i : D — X be a closed embedding in V with open complement
7 : U — X. Then the sequence

-

A (D) 5 A(X) L A(U)

is exact.

Indeed, if L — X admits a section s with zero-locus contained in D, then clearly
J*L — U is the trivial bundle. By (Triv), é&(j*L) = 0; since ¢ (j*L)(5*n) =
7*(é1(L)(n)), it follows from (Loc’) that the image of ¢ (L) is contained in the
image of 7.

The axiom (Loc’) appears in many discussions of oriented (co)homology through-Jj
out the literature, for instance, in the work of Panin [25].

REMARK 4.1.2 (The splitting principle). Let A, be an oriented Borel-Moore
functor with product on an admissible V. Suppose in addition that A, satisfies
the axioms (PB) and (EH). Take X € V and a vector bundle £ — X. Then
there is a smooth morphism (of relative dimension say d) f : X’ — X such that
f* 1 Al(X) — Awya(X') is injective and f*(E) is a sum of line bundles. Indeed, let
q: FI(E) — X be the full flag variety. Since ¢ factors as a tower of projective space
bundles P(E;) for appropriate vector bundles E;, the projective bundle formula
(PB) implies that ¢* is injective. Let p : Spl(¢*E) — FI(E) be the bundle of
splittings of the universal flag on ¢*E. Then p is a torsor for the vector bundle of
Hom’s of the quotient line bundles in the universal flag, hence by (EH) the map p*
is an isomorphism. As the universal flag on ¢*E clearly splits after pull-back by p,
the composition gop : Spl(¢*E) — X does the job.
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Similarly, if 0 - E/ — E — E” — 0 is a short exact sequence of vector
bundles on X, then there is a smooth morphism f : X’ — X such that f* :
A (X) = Aipq(X') is injective, f*(E’) and f*(E") are sums of line bundles, and
the sequence 0 — f*E’ — f*E — f*E"” — 0 splits.

In what follows A, denotes an oriented Borel-Moore functor with product on
an admissible V, which moreover satisfies axioms (Sect), (PB) and (EH), unless
specific mention to the contrary is made. We will freely use the associated weak
cohomological functor Y — A*(Y") for smooth k-schemes Y.

4.1.2. The aziom (Nilp). The following lemma establishes axiom (Nilp) of
remark 2.2.3 for A,.

LEMMA 4.1.3. Let A, be an oriented Borel-Moore functor with product on Smy,
which moreover satisfies axioms (Sect) and (EH). Let Y be in Smy. Then there
is an integer Ny such that for any family (Li,...,L,) of line bundles on Y with
n > Ny, one has

¢1(Ly) o0& (Ly)(ly) =0€ A(Y)

PRrOOF. Using Jouanolou’s trick [12] we see there is a vector bundle £ — Y of
rank r, and a torsor 7 : T'— Y under £ — Y such that T is an affine (and smooth)
scheme. Set Ny = dim(7) = dim(Y’) + r. We claim this integer satisfies the
property. By the homotopy axiom (EH) for A, we see that 7* : A.(Y) — A.q(T)
is an isomorphism. Thus it suffices to show that é (7*Li)o---0é (n*L,)(1r) =0 €
A.(T). Because T is affine each 7*(L;) is very ample, hence lemma 2.3.9 implies
the result. g

4.1.3. Functorialities. Let i : P"~" — P” be a linear embedding and let X be
in V. We define a pull-back map

(Idx x i)* + Au(X x5 P) — A (X x5 PP,

which enjoys the usual functorialities. For this, let P"~! — P” be a linearly em-
bedding projective subspace, with P""'NP*» " = (), let j : U — P be the inclusion
of the complement P \ P"~!, and let 7 : U — P"~" be the linear projection with
center P"~!. The projection m makes U into a rank r vector bundle over P*~"; in
particular, the pull-back map

(Idx x )" : A (X X P*"77) — A (X x U)

is defined and is an isomorphism. We then set (Idx x i)* := (7*)~! o j*.
The evident extension of this procedure allows one to define the pull-back
(where r =" 1;)

A X xP™ x ... x P™)
M) A*—r(X X PP o X ]Pmsﬂ“s)y
given linear embeddings i; : P" 777 — P™, j=1,...,s.
The following list of functorialities is easily checked; we leave the details to the
reader:
(1) For a composite of linear embeddings ig : P* — P™ 4, : P — P"2 we
have
(IdX X i0>* o (IdX X il)* = (IdX X (il o io))*.
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(2) Let i:P™ " — P" be a linear embedding, L — X x P" a line bundle, and
n € A.(X x P"). Then
i*(@(L)0) = 1 L) E"n).
(3) (Idx x i)*(a x b) = a x i*(b), for a € A.(X), b € A.(P™).
(4) Given linear embeddings i; : P~ — P, j = 1,...,s, the pull-back
(Idx x 41 X ... X i5)* is the composition of the pull-backs corresponding
to the s individual linear embeddings, taken in any order.

4.1.4. The formal group law.

LEMMA 4.1.4. Let n > 0 be an integer.

(1) For X €V, each element n € A.(X xP™) is a sum

n
n= n [P =P,
i=0
with the n; elements of A.(X) uniquely determined by 7.

(2) A (P™ x ... x P") is the free A.(k)-module on the classes

P P x . ox [P s P 0<d; <njj=1,...,m
where for i € {0,...,m}, P"~% — P™ denotes (any choice of) a linearly embedded
projective space of dimension m — 1.

PRrROOF. (2) follows from (1) by induction on r. To prove (1), take n € A, (X x
P"). Writing X x P* as P(O'%™), we have the canonical quotient line bundle
Yx.n = 0(1) on X x P". From axiom (PB) applied to the trivial vector bundle of
rank n + 1 over X | there are uniquely determined elements 7; € A, (X) with

n

n=">_éyxn) (pim).
i=0
Let 7, : P* — Speck be the structure morphism. Since vx, = p3vn, and

*

pin; = n; - 5 (1), we have
&1 (vx,n) (1) = mi - &1 ()" (5, (1))
Thus, it suffice to show that
&1 () (mil) = [P*" — P].
For i = 1, this follows from the axiom (Sect), together with the fact that each

hyperplane P*"~! — P" is defined by a transverse section of v,. For i > 1, let
¢ : P+l P" be a linear embedding. By induction on i we have

&1 () (mp1) = &1 () (E1 ()" (7*1))
= & () ([P — P))
= () (e (mh—i41(1)))
(€1 (Yn—it1)(mh_iv1(1)))
— ([P — Pt

Ly



4.1. WEAK HOMOLOGY AND CHERN CLASSES 71
and the induction goes through. O

REMARK 4.1.5. From this lemma we easily deduce that ¢; (7, )" " = 0. Indeed,
using the axiom (Sect), one has ¢;(v,)([P* — P"]) = [P=! — P"] unless i = 0 in
which case ¢ (7,)([P® — P"]) = 0.

REMARK 4.1.6. The proof of the lemma yields the formula:
[Pr=it C P™M] x ... x [P~ C P = & (piyn, ) 0 ... 0 &1 (PiYn, )"
It is also easy to check that, given a linear embedding ¢ : P"~" — P, we have

[Ps—" — P 7] forr <s
0 for r > s.

(L ) —{

Indeed, if » > s, we can take the P° inside the complementary linear space P,
and if r < s, we can take the P® to be the closure of 7*(IP*~"), for some linearly
embedded P°~" — P".

REMARK 4.1.7. Let X bein V, and let i : X — X xP™ be the closed embedding
i(x) = x x P°, where PV is a chosen k-rational point of P". Let j : P?»~! — P" be a
linear embedding. It follows directly from lemma 4.1.4 and remark 4.1.6 that the
sequence

0— A, (X) 25 AX xP?) 25 A, (X x P 1) =0
is exact. Additionally, one has i.(n) = n - [P* — P"].

COROLLARY 4.1.8. There is a unique power series

Fa(u,v) = Zai’j u' vl € A, (k)[[u,v]]

with a; ; € Aiyj—1(k), such that, for any integers n > 0 and m > 0 we have in the
endomorphism ring of A.(P™ x P™):

(4.1.1) Fa(e(pri(m)), éi(prz(vm))) = e1(pri(vn) @ pra(ym))-
Moreover, (A.(k), Fa(u,v)) is a commutative formal group law.

PrROOF. Let n > 0 and m > 0 be integers and consider the line bundle
On.m(a,b) := pri(72%) @ pry(v2b) over P* x P™. Let mp, , : P* x P™ — Speck be
the structure morphism. We write 1, 5, for 7}, ., (1spec)-

By lemma 4.1.4, we can write

&1 (Onm(L, 1)) (nm) = > al" [P = P x [P — P,
0<i<n
0<j<m
for unique elements a;"}" € A;1 ;1 (k). We first check that the a;";" are independent
of (n,m). Indeed, if n < N, m < M, we have linear embeddings i, : P* — PV,
iy : P™ — PM. By checking on basis elements and using the properties of (iy x i5)*
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described above, we

&1(Onm(1,1)) (Lnm) = E1((i1  i2)*Onar(1,1)) (i1 % i2) 1n,a1)
(i1 < i2)" (On 2 (1, 1)) (1w ar)
= > a M PV S PV xis[PM T — PM]

0<i<N
0<j<M

= > e T o P x [P - BT,
0<i<n
0<j<m

Equating coefficients with respect to our basis for A, (P™ x P™) over A, (k) yields

N,M . . . )

a?’jm =a;; for 0 <4 <n, 0<j<m,as desired. We may therefore write a; ; for
nym ’

a;;"

Next, we claim that

& (Onm(1,1)) = Y 5,;&1(0n,m(1,0)) 0 & (On,m(0,1))
0<i<n
0<j<m

as endomorphisms of A, (P™ x P™). As both sides are A, (k)-linear, we need only
check on the basis elements [P — P"][P®* — P™]. Letting 41 : P" — P™ and
iy : P — P™ be linear embeddings, we have

1 (Onm (1, D) ([P" — P*][P* — P™])
= 1(On,m(1,1))((i1 X d2)x(1r,s)
= (i1 X 12)+(€1(Or,s(1, 1)(1r5)))
- Z a; ;- [IE”T_i — P"] []P’S_j — P™].
0<i<r

0<j<s

Similarly

¢1(On,m(1,0))" 0 ¢1(0n,m(0,1)) ([P" — P"|[P* — P™])
= (i1 X 12)4(Opnm(1,0)) 0 &1 (O n (0, 1)) (1,.4)
— {[Pr_i — P[P P ifi<rj<s

0 otherwise.

This verifies our claim.

Setting Fa(u,v) = 3_,; ajju’v’ and noting that ¢ (v,)"*! = 0 (remark 4.1.5)
completes the proof of formula (4.1.1). We now show that F4 defines a formal
group law.

Taking n = 0 or m = 0, and using (4.1.1), we see that a;0 = 0 = ag; for
1,7 > 2, and that a19 = ag1 = 1. Similarly, using lemma 4.1.4, the isomorphism
T*Onm(1,1) 2 Oy, (1,1), where 7 : P x P — P™ x P™ is the exchange of factors,
yields the commutativity Fa(u,v) = Fa(v,u).

For associativity, let Oy, m ¢(a,b, ) be the line bundle pj7®* ® psy&° @ pive©
on P* ® P™ @ Pf. The same argument as above gives us a unique power series
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Ga(u,v,w) =Y aijrutv’w® with

GA(¢1(On,m e(1,0,0)),¢1(Onm e(0,1,0)), é1(Onm,e(0,0,1)))
= 61 (On,m,é(lv 1a 1))
We claim that
Fa(u, Fa(v,w)) = Ga(u,v,w) = Fa(Fa(u,v),w).
It suffices to prove the first equality. To simplify the notation, we write O(a, b, ¢)
for Op m.e(a,b,c) .
Arguing as in the proof of formula (4.1.1) reduces us to showing
F4(¢1(0(1,0,0)), Fa(¢1(0(0,1,0)),¢1(0(0,0,1)))) (11, m,¢)
= G4(¢1(0(1,0,0)),¢1(0(0,1,0)),¢1(0(0,0,1))) (1m.e)
for all n,m, £, where 1,, ,, ¢ is the pull-back of 1 € A,(k) to A, (P" x P™ x P*) via the

structure morphism. For ¢ = 0, this identity follows directly from formula (4.1.1);
we proceed by induction on £. If we write

Fa(u, Fa(v,w)) = Z appuiv’w”,
ijk
our induction hypothesis, along with the exact sequence of remark 4.1.7, implies
that
FA(El(O(L 0, 0))7 FA(El (0(07 1, O))’ @] (O(Oa 0, 1))))(1n,m,€)
— G4(61(0(1,0,0)),¢1(0(0,1,0)), €1 (0(0,0,1)))(1r,m.¢)
= Z(a;jo — Clijo)[ﬂm — Pn] [Pj x PO — P™ x ]P’Z],
j

Let ¢ : P™ x PY — PV be the Segre embedding (N = (m +1)(/+ 1) —1). Since
L ([PF PO — P xPY)) = [P — PV, (Idx1), : A, (P?x P xPY) — A, (P" xPN) is
injective on the A, (k) submodule generated by the classes [P* — P"|[P/ xPY — P x

PP‘]. Thus we need only check our identity after pushing forward to A, (P" x PV).
By smooth functoriality, we have

F4(¢1(0(0,1,0),¢1(0(0,0,1)) = ¢1(0(0,1,1)),
Fa(¢1(0(1,0,0)), F4(¢1(0(0,1,0)),¢1(0(0,0,1)))) (1 m.e)
= F4(¢1(0(1,0,0)),¢1(0(0,1,1)) (1, m.e)-
Similarly,

G 4(¢1(0(1,0,0)),¢(0(0,1,0)),¢1(0(0,0,1))) (1, m,¢)
=& (01, 1, 1)) (1n,m.0)-
Since Opme(a,1,1) = (Id x ¢)*(Op,n(a, 1)), we have
(1d x 1) (Fa(&1(0(1,0,0)), £1(0(0, 1, 1))(Lnm.0))
F4(€1(0n,n(1,0),61(0n,n(0,1))((Id X )4 (1,m,e)),
(1d X 1. (@ (0(1,1,1)) (L)
= & (O (L)1 X 1) (T 0)):
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Thus, we need only check that

Fa(¢1(0On,n(1,0),¢1(0n, N (0,1))((Id X ) (1nm.e))
= El(On,N(l, 1))((1(21 X L)*(ln’m’g)).
This this follows from our formula (4.1.1). O

4.1.5. Oriented Borel-Moore weak homology theories.

DEFINITION 4.1.9. Let V be an admissible subcategory of Schy. An oriented
Borel-Moore weak homology theory on V is an oriented Borel-Moore functor on V
with product, A,, which satisfies the axiom (Sect), the axioms (PB), (EH) and
(Loc) of §4.1.1, as well as the axiom (FGL) for the formal group law F4(u, v) given
by corollary 4.1.8.

REMARKS 4.1.10. (1) One observes that, because of lemma 4.1.3, A, satis-
fies the axiom (Nilp), so that one can make sense of the axiom (FGL). By theo-
rem 2.3.13, we see that A, satisfies axiom (Dim), so A, is of geometric type on V.

(2) Conversely, suppose we have an oriented Borel-Moore L,-functor A, on V,
of geometric type, satisfying the axioms (PB), (EH) and (Loc). Then A, satisfies
(FGL) for the formal group law F(u,v) given by the homomorphism L, — A, (k)
defining the L.-structure. By the uniqueness in corollary 4.1.8, F' is equal to the
formal group law F4 given by that corollary. Thus, an oriented Borel-Moore weak
homology theory on V is the same thing as an oriented Borel-Moore L,-functor on
V, of geometric type, and satisfying the axioms (PB), (EH) and (Loc).

THEOREM 4.1.11. Let k be a field admiting resolution of singularities and let
V be an admissible subcategory of Schy. Then algebraic cobordism

X — Q. (X)

is an oriented Borel-Moore weak homology theory on V. Moreover, Q). is the uni-
versal oriented Borel-Moore weak homology theory on V.

Proor. This follows directly from the results proven in Chapter III. (]

REMARK 4.1.12. We call a formal group law F' on a ring R multiplicative if
F(u,v) = u+ v — buv for some element b € R, additive if F(u,v) = u+v. We
say a multiplicative formal group on R is periodic if b is invertible in R. Thus, the
universal multiplicative formal group is classified by the homomorphism L — Z[g]
sending a11 to —f, and a;; to 0 for (4, j) # (1,1), where  is an indeterminant. Sim-
ilarly, the universal periodic multiplicative formal group is given by L — Z[3, 371],
and the universal additive formal group is . — Z, sending all a;; to zero. From
theorem 4.1.11, it follows that Q. @ Z[3], Q. @1 Z[3,57!] and Q. @y, Z are re-
spectively the universal multiplicative, periodic multiplicative and additive oriented
Borel-Moore weak homology theories on Smj, and on Schy.

The Chow groups
X — CH,(X)
and the G-theory functor
X = Go(X)[3,871)
are oriented Borel-Moore weak homology theories on Schy, as well. CH, is additive
and Go[B, 371] is multiplicative and periodic.
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4.1.6. Oriented weak cohomology theories. We consider the cohomological ver-
sion of an oriented Borel-Moore weak homology theory, and relate this to oriented
cohomology.

DEFINITION 4.1.13. An oriented weak cohomology theory on Smy is an oriented
cohomological functor with product A* such that the associated oriented Borel-
Moore functor A, is an oriented Borel-Moore weak homology theory on Smy.

For instance, any oriented cohomology theory on Smy, in the sense of the intro-
duction defines an oriented weak cohomology theory on Smy. For a detailed proof
of this, see proposition 5.2.4 below.

REMARK 4.1.14. The essential difference between the notion of oriented weak
cohomology theory on Smj and that of oriented cohomology theory A* on Smy
is the existence of pull-backs f* : A*(X) — A*(Y) for any morphism f:Y — X
between smooth k-schemes For instance, one can recover the ring structure on
A*(X) as the external product A*(X) ® A*(X) — A*(X x X) followed by pull
back along the diagonal: A* : A*(X x X) — A*(X).

4.1.7. Chern classes and Conner-Floyd Chern classes. In this section A, will
be an oriented Borel-Moore weak homology theory on an admissble subcategory V.

Let E — X be a vector bundle of rank n over X € V with sheaf of sections €.
One observes that the isomorphism in (PB) gives A, (P(£)) the structure of a graded
left End(A.(X))-module and implies the existence of unique homomorphisms

G(E) - A(X) — A,_i(X)

for i € {0,...,n}, with ¢ (F) = 1, and satisfying the equation (in the endomor-
phism ring of A.(P(£))):

> (—1)'E(E)a(0(1)e)" " =0,
i=0
The homomorphism é;(F) is called the i-th Chern class of E.
We will use Grothendieck’s arguments from [9] to verify the expected properties
of the Chern class operators:

PRrROPOSITION 4.1.15. Let A, be an oriented Borel-Moore weak homology theory
on V. Then the Chern classes satisfy the following properties:

(0) Given vector bundles E — X and F — X on X €V one has
Gi(E) o ¢;(F) =¢;(F) o &(E)
for alli,j.
(1) For any line bundle L, ¢1(L) agrees with the one given in the structure of
an oriented Borel-Moore weak homology theory for A,.

(2) For any smooth equi-dimensional morphism'Y — X in V and any vector
bundle E — X over X, one has

(3) If0 = E' — E — E” — 0 is an exact sequence of vector bundles over X,

then for each integer n > 0 one has the following equation in End(A.(X)):

én(E) = ¢i(E') én_i(E").
i=0
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(4) For any projective morphismY — X in'V, and any vector bundle E — X
over X one has

Moreover the Chern classes are characterized by (0-3).

REMARK 4.1.16. We will see below (proposition 5.2.4) that each oriented co-
homology theory on Smy defines an oriented weak cohomology theory on Smy.
Given an oriented cohomology theory A* on Smy, the procedure we use here to
construct Chern classes can be applied mutatis mutandis to define Chern classes
¢i(E) € AYX) of a vector bundle £ on X € Smy,. The relationship between the
two approaches is that for a vector bundle £ on a smooth scheme X one has

Ci(E) = Ez(E)(lx)
Conversely, one recovers the Chern class operators constructed here,
&(E) : A*(X) — A*H(X),

as the cup product by ¢;(F). For a general oriented weak cohomology theory, we
don’t have the (internal) cup product in the structure, so that this formula has no
meaning.

As an example, the axiom (Triv): ¢;(Ox) = 0 would follow from the previous
formula and the obvious fact that ¢;(Ox) = 0. But in general it doesn’t hold.

The key to applying Grothendieck’s arguments for the properties of the Chern
classes in the case of an oriented Borel-Moore weak homology theory is given by
the following two lemmas.

LEMMA 4.1.17. Let A, be an oriented Borel-Moore functor on V satisfying the
aziom (Loc). Let X be in V, and let Dy,...,D,, be effective Cartier divisors on
X such that for each set of distinct indices 1 < i1,...,4, < n, the intersection
Di, N (NE_yD;;) is transverse in V, i.e., the cartesian square

ﬁ;leiJ —_ ﬂ;zzDij

|

Djyy —— X

is transverse in V. Suppose in addition that N_D; = (. Then

n

[[a(0x(Di)) =0

i=1
as an operator on A.(X).

PROOF. Let ¥/ : DyN...ND; = DiN...ND;_y,# : DyN...ND; — X be
the inclusions. By our assumption, i/ is a closed embedding in V. Note that the
canonical section s; of i/ ~*Ox (D;) has divisor D1 N...ND;, hence s; is tranverse
in V to the zero-section of i/ ~*Ox (D;). By (Loc), it follows that ¢ (i ~'*Ox (D))
maps A,(DyN...ND;_1) to & (A._1(DiN...ND;). Since il o0& (7 *Ox(D;)) =
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¢1(0Ox (D )) o], it follows that & (Ox(D;)) maps il (A.(DyN...ND;_1)) to
i(DyN...NDy), and hence by induction

[[]&(0x(D:)](Au(X)) C#(A(D1 N ... N Dy)).

i=1
for all j. Since A, (@) = 0, this proves the result. 0

LEMMA 4.1.18. Let A, be an oriented Borel-Moore weak homology theory on
V. Let X be inV, D1,...,D, effective Cartier divisors on X satisfying the tran-
versality condition of lemma 4.1.17, and with N}y D; = 0. Let Lq,...,L,, be line
bundles on X, and let M; = L; ® Ox(D;), it =1,...,n. Then

as an operator on A.(X).

PROOF. We use the formal group law Fa(u,v) = u+ v+ 37 o) apguPvl.
M, =L; ® Ox<Di), SO

¢1(M;) = Fa(é1(Li), 61(Ox (Dy))

=&1(Li) + &1 (Ox(Di)) + Y apgér (Li)Pér(Ox (D;))?.
p,q=1

Letting g(u,v) = 3_, .51 apguPv?~", we thus have

e1(M;) — é1(Li) = e1(Ox(Ds)) - g(¢1(Li), e1(Ox (Dy)))-

Since the operators ¢;(?) all commute, the result is a consequence of lemma 4.1.17.
O

We can now verify a weak version of the Whitney product formula.

LEMMA 4.1.19. Let A, be an oriented Borel-Moore weak homology theory on V
and let X be in V. Let Ly,..., Ly be line bundles on X and let E = @] L;. Then
¢p(E) is the pth elementary symmetric polynomial in the (commuting) first Chern
class operators é1(Ly),...,¢1(Ly).

ProOF. Let ¢ : P — X be the projective space bundle
P = Projo, (Sym" (&1, L),

with tautological quotient ¢*(®!_,L;) — O(1). The composition L; — & L; —
O(1) defines the section s; : Op — O(1)@L;; let D; be the divisor of s;. If the line
bundles are all trivialized on some open U C X, then the 1-sections in Lq,..., L,
defines the homogeneous coordinates Xi,..., X, on P = IP"{fl, and D; is the divisor
of X;. Thus the D; are all Cartier divisors. In addition, for each collection of
distinct indices 1 < 4y, ...,%, < n, the intersection N’_; D;; has codimension r on
P and is smooth over X. Thus Ds,..., D, satisfy the tranversality conditions of
lemma 4.1.17 and N, D; = 0. As O(1 ) L; ® Ox (D), it follows by lemma 4.1.18
that

n

H(51((’)(1)) —¢&1(L;)) = 0.
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From the uniqueness of the relation defining the Chern class é,(®]_; L;), this implies
that é,(®]_,L;) is the pth symmetric function in the operators é(L1),...,¢é (Ly),
exactly as desired. O

PROOF OF PROPOSITION 4.1.15. The naturality (2) follows from the natural-
ity of ¢1(L), the naturality of the tautological quotient line bundle O(1) and the
projective bundle formula (PB). The normalization (1) follows from lemma 4.1.19
with n = 1.

For the proof of (0), the splitting principle (remark 4.1.2), together with the
naturality (2), implies that we may assume that F' and E are direct sums of line
bundles. In this case, (0) follows from lemma 4.1.19 and the commutativity of the
first Chern classes of line bundles.

For (3), we may assume by the splitting principle that E = E’ @ E” and E’
and E” are both sums of line bundles. The result in this case follows directly from
lemma 4.1.19. (]

4.1.8. Todd classes. Let A, be an oriented Borel-Moore weak homology theory
onVand 7 = (r;) € 12, A;(k), with 79 = 1. Define the inverse Todd class operator
of a line bundle L — X to be the operator on A,(X) given by the infinite sum

Td. (L) = Saw)in

—~ 1
Note that the axiom (Dim) implies that Td, (L) is a well-defined degree 0 endo-
morphism of A, (X).

PRrROPOSITION 4.1.20. Let A, be an oriented Borel-Moore weak homology theory
onV and T = (1;) € 2 A;(k), with 1o = 1. Then one can define in a unique way
for each X €V and each vector bundle E on X an endomorphism (of degree zero)

—~ 1
Td, (E): A(X) — A.(X)
such that the following holds:
(0) Given vector bundles E — X and F — X one has

Td, (E)oTd, (F)="Td, (F)oTd, (E).
(1) For a line bundle L one has:

—~ 1

Td, (L)=> &(L)'n.
i=0
(2) For any smooth equi-dimensional morphism' Y — X € V, and any vector
bundle E — X over X one has
— 1 —~ -1
Td, (f*E)o f* = [*oTd, (E).

(3) If0 = E' — E — E” — 0 is an exact sequence of vector bundles over X,
then one has:

—~—1 —~ —1 —~—1
Td, (E)=Td, (E')oTd. (E").

(4) For any projective morphism'Y — X € V, and any vector bundle E — X
over X one has

J.oTd, (f*E)=Td, (E)o f..
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~ 1
Td (E) is called the inverse Todd class operator of E.

PRrROOF. This is just an exercise with symmetric functions, together with the
splitting principle and the Whitney product formula for the Chern class operators.
Consider the power series f(t) := Y .o 7;t" € A.(k)[[t]], where we give t degree -1.

Clearly the product f(¢1) -...- f(tn) is a sum
f(ta) - f(tn) :Zpi(tl,“'atn)
=0

with P; € A.(k)[t1,...,tn] a symmetric polynomial of total degree —i in t1,...,t,,
where we give t; degree -1 and A, (k) degree 0. If we use the actual degrees in A, (k),
then each P; has total degree 0. Rewriting P; as a polynomial in the elementary
symmetric polynomials o (¢.),...,0;(ts) gives polynomials Q; € A,(k)[o1,...,0]
with

Pi(th cee ,tn) = Qi,n(al(t*)a s 70i(t*))

It is easy to check that the Q;, for n > ¢ are independent of n, and that Q;, is
homogeneous of degree —i, where we give o, degree —m and A, (k) degree 0; if we
use the actual degrees in A, (k), then @, , has total degree 0. Set Q; := Q; ;. For
a vector bundle £ — X, we set

Td. (E) = >_Qia(B), ... a(E)),

where ¢;(E) is defined to be the zero endomorphism for ¢ > rank(E). Applying the

~1
splitting principle as in the proof of proposition 4.1.15 shows that Td, (F) is a
well-defined degree 0 endomorphism of A,(X), and that the properties (0)-(4) are
satisfied. 0

~ -1
REMARK 4.1.21. Observe that Td, (L) is an automorphism because the power
series

Z iut € Al (k)[[u]

~ 1
has leading term 1. For each vector bundle E/, Td,_ (F) is an automorphism as well:

the formal inverse to the power series . Q;(o1,...,0,) exists in the power series
~ 1

ring A, (k)[[o1,02,...]] and gives the inverse to Td,_ (F) by substituting ¢ (F) for

g;.

By (3) the assignment E — ¢, (F) descends to a group homomorphism
~ 1
Td, : K°%X) — Aut(A.(X)),
making A, (X) a Z[K°(X)]-module.

EXAMPLE 4.1.22. Universal example. Let Z[t] := Z[t1,...,tn,...] be the
graded ring of polynomials with integral coefficients on variables ¢;, i > 0, of degree
i. We apply the above construction to the oriented Borel-Moore weak homology
theory X +— A, (X)[t] := A.(X) ®y Z[t] obtained from A, by extension of scalars.
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We take for family 7 = (7;);en the “universal” one given by 7; = ¢;. For any line

bundle L on X, we write Td, (L) for the automorphism

—~ 1
and, for each vector bundle E over X, we denote by Td, (FE) the automorphism
—~ 1 —~ —1

Td, (F). We may expand Td, (F) as:

=71 ~ ni Ny
Td, (E)= > oy ) (BTt

I=(ny,.c.np,...)
The ¢; := €(ny,....n,.,...)(E) are the Conner-Floyd Chern class endomorphisms
e Au(X) = Aoy iy (X).
We recover for instance the ith Chern class ¢;(E) as the coefficient of 1.
Now, to give 7 = (1;) € II2,A;(k), with 79 = 1, is the same as to give a
morphism
Pt Auft] — At — 7

If we consider A, (k) as an A, (k)[t]-algebra via 9., this induces an isomorphsim

AL (X)[t] @4, 1)) Ax (k) = A(X)

—~ 1 —~ 1
which maps Td, (E) to Td,. (E).

4.1.9. Twisting a Borel-Moore weak homology theory. The ideas in this section
come from Quillen’s paper [28].

Let A, be a Borel-Moore weak homology theory on V and 7 = (7;) € 1122, 4 (k),
with 79 = 1. We construct a new Borel-Moore weak homology theory on V, denoted
by A, as follows. A7) (X) = 4,(X) and the push-forward maps are unchanged:

()

For any smooth equi-dimensional morphism f : Y — X we have the bundle of
vertical tangent vectors Ty, defined as the dual of the bundle with sheaf of sections
the relative Kéhler differentials Q%//X. The virtual normal bundle of f, Ny, is the

element of KY(Y) defined by Ny := —T%.
We define
— 1
f(*r) = Td‘r (Nf) © f*v
and for any line bundle L over X we set

—~ -1
&NL) :=Td. (L) o & (L)
—~ -1
The properties of Td_  described in proposition 4.1.20, together with the fact that

—~ 1
Td, (L) is an automorphism of A,(X) (remark 4.1.21) shows that this data does
in fact define a Borel-Moore weak homology theory on V.

The definition of EY)(L) can be rewritten as

A7(L) = Ay (e2(L))
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where A\ry(u) = 35,507 - u'T € Au(E)[[u]]. Since A\ry(u) = u mod u?, there is a
unique power series A l)(u) such that )\(;1)()\(7) (u)) = u. As the the formal group

-
law FX) associated to Agf) is determined by the equations

FO@ED(D),87 (M) = &7(L @ M),
it follows that FIE‘T)()\(T) (u), A7) (v) = Airy (Fa(u,v)), hence

(4.1.2) F (u,0) = Ay (Fa(AZA (). AT (0)))-

If we restrict attention to Smj we can do something slightly different. Fix a
sequence T = [[, 7; as above. For a vector bundle E — X, define the Todd class of
E, Td,(E) by

— ~ —1 —~ -1
Td,(E) == Td, (—E) = (Td, (B))~!
Alternatively, let f.(t) = Y22, 7it* and let 7(-1) € []; A;(k) be the sequence with
1
fren(t) = =
1 ( ) fT(t)
— —~ 1 —
Then Td.(E) = Td,.(-1)(E). Clearly the automorphisms Td,(F) have the formal
properties given in proposition 4.1.20, with the normalization changed to Td, (L) =
Sim V(L)

For X € Smy, let Tx denote the tangent bundle of X. For a morphism

f:Y — X in Smy, we have the virtual tangent bundle Ty € K°(Y):

Ty = [Ty] = [[*Tx] € K°(Y).
In case f is smooth, the exact sequence 0 — f*QL — Q. — Q%//X — 0 shows

that our two definitions of Ty agree as classes in K . We define the virtual normal
bundle of f, Ny, by Ny := —T. In case f : Y — Speck is the structure morphism,
we write Ny for N, and call Ny the virtual normal bundle of Y.

Define a Borel-Moore weak homology theory AT on Smy, with AL(X) = A, (X)
for X € Smy, and with the pull-backs unchanged (f* = f*). For a projective
morphism f:Y — X, we set

fi=feo ﬁT(Tf)a
and for a line bundle L over X we set
(4.1.3) E(L) = & (L) o Td, (~L) = &1 (L) o Td. (L)

One easily checks that this does indeed define a Borel-Moore weak homology theory
on Smy,.

Of course, we could have used the inverse Todd class of the virtual normal
bundle, ﬁi_l (Ny), in the definition of A7, but the classical Riemann-Roch theorem
uses 'fa(T 'r), so we took this opportunity to introduce the inverse notation.

Let Ar(u) = Ary(u) = 320%™, s0 & (L) = A (&1(L)) = &7 (L). Set!

LCompare with [25, §5].



82 IV. ALGEBRAIC COBORDISM AND THE LAZARD RING

The identity (4.1.3) gives the expression for Td, (L) as

LEMMA 4.1.23. Let X be in Smy, with tangent bundle Tx . Then the automor-
phism
—~ 1 -
Td, (Tx): A7 (X) 2 AT(X)
determines an isomorphism of Borel-Moore weak homology theories on Smy. In
particular the two theories have the same formal group law.

EXAMPLE 4.1.24. Let us consider the Borel-Moore weak homology theory on
SChk
X CH.(X) ®Q[3, 7]
obtained from CH, by the extension of scalars Z C Q[3, 37!] (where 3 has degree
one). Note that the associated weak cohomology theory CH” is actually an oriented
cohomology theory; in particular, we have cup products. We apply our construction

for the family 7 given by

Ar() = 1;“

This gives

Bu i
197—(’[,[,) = 71 — efﬁu = Zth ,

and thus Td, (L) is cup product with the classical Todd class?, where td(L) for a
line bundle L is defined as:

td(L) := ¥(c1(L)).
More generally
fi(@) = fulz U td(Ty)),

where td(FE) is the classical Todd class of a vector bundle E. This new theory is
denoted X — CH,(X) ® Q[3, 37 !]*". The formula

1—e W) =] v eV
=(l-e")+(1-e")—(1—-e")(1—e"")
implies that the formal group law for this theory is the multiplicative one:
Fo(u,v) =u+v—fuv.
ExXAMPLE 4.1.25. Assume k admits resolution of singularities. Following Quillenfi

[28], the Landweber-Novikov operations are obtained as follows. We consider the
Borel-Moore weak homology theory on Smy.

X (X))t

Via the process described above, we modify this into Q. (X)[t]*, using the family
7 =t = (¢;). By the universality of algebraic cobordism, we have a canonical
morphism

9N Q. — Q. [t

2 slightly modified by the introduction of 3, which changes the classical Todd class in CHx
to a purely degree zero element in CH.[3, 37 1]
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which we then expand as
,ﬂLN _ Z SI tl,
I

where I runs over all finite sequences (ny,...,n,) (of arbitrary length), and ¢! =
t7* ... t'. The natural transformations

Stna ey P e = L (3my - 9)
are called the Landweber-Novikov operations.

EXAMPLE 4.1.26. Still assuming that k admits resolution of singularities, we
have the oriented Borel-Moore weak homology theory CH, on Schy. We consider
the other twisting

X — CH.(X)[t]®,
which is also a weak Borel-Moore theory on Schy.

By universality of 2, we get a canonical morphism

9 Q. — CH,[t]®.
We shall prove later on that this morphism is an isomorphism after ®Q.
At this point we can prove something weaker as follows.

DEFINITION 4.1.27. Assume that k admits resolution of singularities. We de-
note by Q2? the Borel-Moore homology weak theory

X - QX)) = Q. (X) ®L, Z.
As above, we have the twisted theory Q?[t]®) and the canonical morphism
(4.1.5) 9, — QU®

of oriented Borel-Moore weak homology theories on Schy.
From equation 4.1.2 we know that the formal group law F on Q24[t] ) is given
by

(416)  Flu,v) = Ay (Fa(AG @ A5 ) = Ay (Agh(w) +Agk(v)):

THEOREM 4.1.28. Let k be a field admiting resolution of singularities. Then
the morphism (4.1.5)induces an isomorphism:

I®Q: 0 ©Q— Q¥ ¢ Q.
The idea behind this theorem is the following classical lemma:

LEMMA 4.1.29. Let R be a commutative Q-algebra and let F(u,v) € R[[u,v]]
be a commutative formal group law of rank one over R. Then there exists a unique
power series (p(u) =Y, 7 u™t € R[[u]] such that 1o = 1 and satisfying

b (F(u,v)) = Lp(u) + £r(v).

This power series is called the logarithm of F. Thus to give a commutative
formal group law of rank one over a Q-algebra is exactly the same as to give its
logarithm. Conversely, given a QQ-algebra R and elements 7; € R, i = 1,2,...,
letting £(u) = Y2, 7u’*! and setting

Fy(u,v) = 7 (U(u) + £(v)),

F defines a formal group law over R with logarithm £(u).
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Thus, if the logarithm of the universal formal group law on L, ® Q is denoted
by 1, (u) =Y, bi-u'™! € L, ®Q[[u]] the expression of the b; as elements of L, @ Q
determine a canonical graded ring homorphism

a:Qby,...,by,...] > L.®Q,

where the ring on the left is the polynomial ring on generators b; of degree 1.

By construction, ¢ represents the natural transformation F(u,v) — £p(u);
concretely, given a graded ring homomorphism 9 : L, ® Q — R, the induced formal
group law F := 1 (F1) has logarithm ¥ o¢({y,, ). Lemma 4.1.29 and the universality
of (F1,L) clearly imply that ¢ is an isomorphism.

Let Q[t1,...,tn,...] be the polynomial ring with t; having degree i. Let
Ay (u) = >, tsu'™, and let )\(_t;(u) be the inverse power series, i.e. /\(t)(/\(_t; (u)) =
u. Let

p:Q[blv"'7bn7"‘] *)Q[tlv"wtnv"']
be the homomorphism with p({y,) = )\(1; Since we can clearly express t; in terms
of p(b1) ..., p(b;), p is an isomorphism. The map

yi=poa L, ®Q — Qlt,... tn,...]

is therefore also an isomorphism, and gives a formal group law on Q[t1, ..., ts,...]
with logarithm )‘(1; (u); the formal group law given by < is therefore

Aty (A (1) + 255 (0))

(compare with (4.1.6)).
Our proof of theorem 4.1.28 is directly inspired by the construction of the
isomorphism L ® Q = Q[t1, ta, .. .].

PROOF OF THEOREM 4.1.28. Let £(u) € Q. (k) ®@Q[[u]] denote the logarithm of
Fa(u,v). Writing £(u) = 37,5, bi - u't", we can twist rational algebraic cobordism
using this family b = {b;}; to get the Borel-Moore weak homology theory on Schy,

X — Q. (X)2Q®,

By formula (4.1.2), the formal group law on Q, ® Q) is the additive one. Thus
the canonical morphism of Borel-Moore weak homology theories on Schy, 2, —
Q. ® QM) given by universality of €, factors through the morphism Q, — Q%
inducing a canonical morphism

$: 0% - Q, ©QMP).
Let A(u) denote ¢~ (u); define 7; € Q;(k), i = 1,2,..., by the equation:
Au) = Zn TR
i>0
Using the universal construction of example 4.1.22, we may extend ¢ to
@ Q0] — Q. 0 Q")

so that ¢; is mapped to 7;. By twisting the morphism ® both at the source and the
target we get a morphism

di[t](t) — (L ® Q(b))(f).
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In fact, (2, ® Q™)) = Q, ® Q, because, as A is the inverse to £, twisting by 7 is
the inverse to twisting by b. One easily checks that this morphism is an inverse to
¥ ® Q. Indeed, the composition

2.2Q - tYeQ -2 2Q

is the identity by the universality of €2,. Thus ¥ ® Q is a monomorphism.

To prove that ¥ ® Q is an epimorphism, it follows from (4.1.6) that the group
law on Q2¢[t]®) has logarithm /\(_t; (u). From our discussion following lemma 4.1.29,
the homomorphism ¢ : L, — Q2¢(k)[t]® classifying the group law on Qa4 (k)[t]®)
induces an isomorphism L, ® Q — Q[t], where Q2¢(k) — Q is the ring homomor-
phism sending Q¢ (k) to zero (we know that Qg¢(k) = Z by theorem 2.5.12). Note
that ¢ factors through ¥ via the canonical map L, — Q. (k), and L> clearly goes
to zero under the map Q, — Q2. Since Q¢ is graded and concentrated in degrees
> 0, one can use an induction on the degree to reduce to showing that , — Qa4
is an epimorphism, which is clear from the definition of 024, O

REMARK 4.1.30. As a corollary we see that
9 Q. (k) — Q2(k)[E]®

induces an isomorphism after ®Q, proving that Q. (k) ® Q is a polynomial algebra
on Q2(k) ® Q.

4.2. Algebraic cobordism and K-theory

In this section, we give a proof of theorem 1.2.3 and corollary 1.2.18.

4.2.1. Projective bundles. In this section A, denotes an oriented Borel-Moore
functor of geometric type (definition 2.2.1) on Smy, for which the formal group law
is multiplicative. Thus if b = [P!]4 € A~! one has F4(u,v) = u+v —buv. However,
we never assume that A, is periodic so that the results below still hold if b = 0 (so
that A, additive is permitted)! Throughout this section, we will drop the index 4
in the notation [—]4.

Clearly the power series x,(u) = [—1]m (u) is given by
—u
-1 S
[An(u) = 7
Write u - g(u) = [~1];,,(u) so that g(u) = 1=—. We obviously have:
(4.2.1) [~ Um(w) - g([=Um(w)) = v

(because [—1], ([—1]m(u)) = u) proving that g([—1]m(u)) =b-u — 1.

ProrosITION 4.2.1. Let i : Z — X be a closed immersion of codimension c
between smooth k-schemes, X being of dimension d. Let X7 — X be the blow-up of
X at Z, n; the conormal sheaf of i. Then one has the following equality in Ay(X):

[(Xz — X] = [ldx] 4+ b+ i.[P(n;) = Z] = is[P(m; © Oz) — Z]

PROOF. Let ¢ : P := P(n; ® Oz) — Z be the structure morphism. We apply
proposition 2.5.2. The identity (4.2.1) yields the identities in A, (P(v; @ O)):

9([O(=D)]) = g([-1]m([OD)])) = b- [O(1)] = 1.
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As the closed subscheme P(n;) of P(n; ® Oyz) is defined by the vanishing of the
section Op — ¢*(n; ® Oz) — O(1), we have [O(1)] = [P(v;) — P(n; @ Oz)] and the
formula follows. O

Take X € Smy. If D C X is a divisor on X and F is a coherent sheaf on X
we denote by F(D) the tensor product F ® Ox (D).

LEMMA 4.2.2. Let L be an invertible sheaf on X € Smy, &€ — X a locally
free sheaf of rank r > 0 and let © : D — X be a smooth closed subscheme of X of
codimension one. Then one has the following formula in A.(X):

[P(L(D) & €) — X] = [P(L®E)) — X]
i [P (L(D) ® L& E)) — D] —b-i,[Pl*(L® E)) — D

PrOOF. Consider the X-scheme ¢ : Y :=P(L(D)® LB E) — X. The projec-
tions

LD)eLBE — LID)BE,

LD)eLBE - LBE
determine the closed embeddings

io: Do :=P(L(D)® &) =Y,

i1: D =P(LBE)— Y.

Note that ¢*D = P(i*(£(D) ® L & £)) as an X-scheme.
As Dy is defined by the vanishing of the composition

L—qg LD)sg L E— O)
it follows that Oy (Do) = (¢*£Y)(1). Similarly,
Oy (D) = ¢*(£(D)")(1),
Oy(¢"D) = ¢"Ox(D),
giving an isomorphism
Oy (¢"D + D1) = q¢*Ox (D) ® Oy (D1) = Oy (Dy).

This yields the identity of endomorphisms:

&1(0y (Dy)) = é1(g"Ox(D) @ Oy (D))

= &1(¢*Ox(D)) + & (Oy (D))
—b-&(g"Ox(D)) 0 & (Oy (D1)).

Let i : ¢"'D — Y be the inclusion. Applying the above identity to 1y and using
the axiom (Sect) gives

[Do = Y]=[¢"D = Y] +[Dy > Y]-b-[¢"D - D; > Y]
=i [P (LD)BLBE) — ¢ (D)) +[PLDE) — Y]
— b [PEH(LDE)) — ¢ (D))
Pushing forward to X and D gives the desired formula. O
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LEMMA 4.2.3. Let € be a direct sum of n + 1 invertible sheaves on some X €
Smy. Then in A.(X),

[P(E) — X]=b"-1x.
In particular, one has [P"] = 0" in A.(k).

PROOF. We proceed by induction on X. We first consider the case dim X = 0,
X = SpecF for F a finite extension field of k. Since P% = P} x; F, we need
only consider the case F = k, i.e., we must show that [PY] = V. We proceed by
induction on N.

For N = 0 there is nothing to prove, and for N = 1 the result follows from the
equation [P!] = b in remark 2.5.6.

Take N > 2. We apply lemma 4.2.2 with X = PV, D a linearly embedded
PN-1 £ = O, and £ = 0. Pushing forward the identity of classes in A,(X) to
A, (k) yields

[Pon (O(1))] = [Pon (O)] + [Pow—1 (O(1) & O)] — b - [Pp—1(O)].
Since P(£) 2 P(£® L) for £ a locally free sheaf and £ an invertible sheaf, this gives
Por1(O(1)  O)] = b [Pen-1(0)] = b+ [PV~1] = b,

the last identity using our induction hypothesis. Now suppose we have shown that
[Pen—r (O @ O(1)7)] = bV for some r with 1 < r < N. Apply lemma 4.2.2 with
X = PN~ D a linearly embedded PVN=""! £ = O, and £ = O(1)". Pushing
forward to A.(k) gives
bV = [Pen- (0 & O(1)")]
= [Pen—(O(1) ® O(1)")] = [Pen—r—1 (O ® O(1)"+1)]
b+ [Pev-rt (O(1) © O(1)7)]
— [P x PN = [Pen 1 (0@ O(1)™ )] 4 b+ [P" x PV —71]
= PPN 4+ b PPN = [Bew 1 (O © O(1)H).
By induction, [P"] = b", [PN="=1] = pN="=1 and [PV"] = bV 7, giving
[Pyt (O ®O1)" )] = b".
Taking 7 = N — 1 gives us [PV] = bV, as desired.
Now let Ly, ..., L, be invertible sheaves on X € Sm;. We prove that
[P(Lo® - © L) — X] = b[X]

by induction on n = dimg(X), the case n = 0 having been settled above. Assume
n > 0 and that we have proven the above formula when the dimension of the base
is < n.

Let £ be the sum £ & --- @ L,. Given a smooth divisor ¢ : D — X in X,
lemma 4.2.2 gives

[P(Lo® &) — X] = [P(Lo(D) © &) — X]
— [P (Lo(D) D Lo DE)) — D]+ b-i[PE"(Lo(D) ® E)) — D).
Since dimD < n, we may use our inductive hypothesis, giving
[P(Lo@®E) — X] =[P(Lo(D)®E) — X] — i b"[Idp] + b-i,b" ' [Idp)]
= [P(Lo(D) ® &) — X].
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Doing the same for each £;, it follows that, given smooth divisors Dy,..., D, on
X, we have
[P(®i=oLi) = X] = [P(i=Li(Di)) — X].

Since X is quasi-projective, there is a very ample invertible sheaf £ on X such
that £ ® LY is very ample for each i. Replacing £ with a high tensor power if
necessary, we may assume that, for each ¢, the divisor D; of some section of £L® LY
is smooth. Then £;(D;) = L for each ¢, so

[P(DimoLi) = X] = [P(®i=L:(D:)) — X]
= [P(®i=L) — X]
=[p2:P"x X — X]
= b"[IdX].
O

REMARK 4.2.4. If we assume that A, satisfies the the projective bundle formula
(PB) and extended homotopy property (EH) on Smy, the previous lemma implies
that for any locally free sheaf £ on X of rank r 4+ 1 one has

PE)— X]=b"1x

Indeed, the splitting principle and axiom (A3) reduces to the case in which E is a
direct sum of line bundles.

We also get the following simplification of proposition 4.2.1:

COROLLARY 4.2.5. Let A, be an oriented Borel-Moore functor of geometric
type for which the formal group law is multiplicative. Suppose in addition that A,

satisfies (PB) and (EH). Let Z C X be a smooth closed subscheme of some X in
Smy. Let Xz — X be the blow-up of X at Z. Then one has
Xz — X]a =[ldx]a

in A (X). In particular, when X is smooth and projective over k, one has

[Xz]a=[X]a
in A(k).

PROOF. The result follows from proposition 4.2.1 and remark 4.2.4. O

REMARK 4.2.6. The universal oriented Borel-Moore weak homology theory on
Smy, having multiplicative formal group law is of course given by:

X = Q. (X) ®L, Z[5]

Since an oriented Borel-Moore weak homology theory on Smy, satisfies (PB) and
(EH), Q. ®r, Z[f] thus satisfies corollary 4.2.5 above. It is tempting to make the
following:

CONJECTURE 4.2.7. Let k be a field. Then the oriented Borel-Moore functor
of geometric type
X = Q.(X) @, Z[A]

is the universal oriented Borel-Moore functor of geometric type which has “bira-
tional invariance” in the following sense: given a birational projective morphism

fYHX thenf*lyle,
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In fact we shall establish conjecture 4.2.7 over a field of characteristic zero in
§4.3.3 below.

4.2.2. Universal property of K-theory. In this section, we let A, be a mul-
tiplicative and periodic oriented weak cohomology theory on Smy. We begin by
contructing the Chern character chy as a transformation ch, : K°[3, 37! — A,,
compatible with smooth-pullback, external products and first Chern class opera-
tors.

We have the canonical morphism of weak cohomology theories

Uy QF — A%
let A*(X) be the A*(k)-submodule of A*(X) generated by 94(Q*(X)). Clearly
X — A*(X) defines a sub-weak cohomology theory of A*.
Now, for X € Smy;, and E' a vector bundle of rank 7 on X with sheaf of sections

&, define the Chern character operator cha(€ @ B") : A*(X) — A*(X) by

cha(E® B") = (rank(€) — b- &} (EY))b™.
We set chy (€ - 0™) = gﬁA(é‘ -™)(1x). Since & is additive in exact sequences, we
have the homomorphism

cha: KO(X)[8, 7] — End 4 ) (A% (X)).

For a smooth morphism f :Y — X, we have

cha(f*2)(f*y) = f*(cha(@)(y)),
for x € K9(X)[3,871], y € A*(X).

Let L and M be line bundles on some X € Sm;, with respective sheaves of sec-
tions £ and M. Using the group law for A, we have the identity of endomorphisms
of A*(X):

cha(L@ M) =1—& (LY @ MY)b
=1—&(LYV)b— &MY+ LYY (MY )b
= cha(L)cha(M).
Similarly, we have
cha(ef (L)(M)) = &' (L)cha(M).
By the splitting principle,this shows that
cha(€ & F) = cha(€)cha(F);  cha(el (L)(€)) = &' (L)cha(€)
for all locally free sheaves £ and F, and line bundles L, that is, ch 4 is a ring
homomorphism, and intertwines the operations of first Chern classes of line bundles.

The splitting principle also shows that ch 4 is compatible with smooth pull-
back: for f:Y — X a smooth morphism in Smy,

I*(cha()(y)) = cha(f*2)(f*y)
for € K°%X)[3,87Y], y € A.(X), and satisfies the projection formula for a
projective morphism f:Y — X in Smy:

Foleha(f*2) () = cha(@)(fuy)
for v € KO(X)[8,07], y € Au(Y).
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Evaluating these formulas at 1x shows that ch 4 is compatible with smooth pull-
backs, with the Chern class operators for line bundles and with external products,
as desired.

Now we prove that cha commutes with projective push-forwards. We follow
the argument used in Fulton’s proof of Grothendieck-Riemann-Roch for closed em-
bedding as in [7, §15.2]: first handle the case of a projective space bundle with a
section, then reduce to this case by deformation to the normal bundle.

LEMMA 4.2.8. Let Z be in Smy, € a locally free coherent sheaf on Z, q: P — Z
the projective bundle P(€ @ Oz). Let s : Z — P be the section defined by the
projection €& Ox — Ox. Take x € K°(X)[3,371]. Then in A*(P) we have

cha(s«(x)) = s«(cha(x)).

PRrROOF. We first reduce to the case x = 1. It clearly suffices to prove the
lemma for x = [F], F alocally free coherent sheaf on Z. Since ch4 and s, commute
with smooth pull-back, we may use the splitting principle to reduce to the case
F = &;L;, L; invertible sheaves; the additivity of chs and s, reduce us to the
case F = L, the invertible sheaf of sections of a line bundle L. Since ¢X(L)(17) =
1 — [£V], it suffices to handle the case z = ¢ (L)(1z).

Assuming the result for x = 1z, we use the compatibility of cha with & (?) and
the projection formula (definition 2.1.2(A3)):

cha(s«(e1 (L)(12))) = cha(s(ef (s"¢"L)(12)))
cha (& (¢"L)(5.(12)))
&' (q" L) (cha(s.(12)))
=1 (¢"L)(s4(cha(12)))
54(1 (L) (cha(1z2)))

s«(cha(ef (L)(12)))

= =

bl

completing the reduction.

We now prove the case x = 1z. As above, we may use the splitting principle to
reduce to the case & = @] L;, with the £; invertible sheaves on Z. Let Ly = Oz
and let D; be the subscheme of P(£ @ Ox) given by the projection

ED Oz — Djzily,

i = 1,...,n. D; is thus the subscheme of zeros of the composition ¢*(L;) —
T (E® (’)Z) — O(1), hence is the Cartier divisor of a section of O(1) ® ¢*(L;)V. D
is smooth and s(Z) = NI, D;, so repeated applications of (Sect) give

= [T ©) ®q (£)")(14).
=1

for all oriented weak cohomology theories A, including K°[3, 371]. Since ch4 com-
mutes with the first Chern class operators and sends 1£ to 1]‘;}, the proof is com-
plete. [

In short, the Todd class of a vector bundle in a multiplicative periodic theory
is trivial.
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PROPOSITION 4.2.9. Let f : Y — X be a projective morphism in Smy, and take
r € KOY)[B3,57Y]. Then

filcha(z)) = cha(f(z))

PROOF. It sufficient to check this for the projection P* x X — X to a smooth
k-scheme X and for a closed immersion Z — X between smooth k-schemes.

We first consider the case of the projection ps : P x X — X for some n > 0.
Using the projective bundle formula and the compatibility of ch4 with the external
product and the first Chern class operators, we need only consider the case of the
push forward along 7 : P™ — Speck, and show that

72 (cha(Opn) = cha(m (Opn).

We note that
T (Opr) = [P"]k = B,

since x(Opn) = 1. By lemma 4.2.3, [P"]4 = b" € A*(k); as cha(Opn) = 14, this
verifies our formula.

We proceed to the case of a closed immersion i : Z — X, using the deformation
to the normal bundle to reduce to the case handled in lemma 4.2.8. Although the
proof is just a slight modification of that used in [7, loc. cit.], we give the details
here for the reader’s convenience.

Let i : Z — X be a closed immersion in Smy. We have the deformation diagram
(25.2). Letip : P =Y, iy : Yy — Y, ix, : Xz — Y be the inclusions. Take
x € K°Z), giving the element piz € K°(Z x P') and let & := i, (piz) € K°(Y).
Since K is an oriented cohomology theory on Smy,, we have

(&) = ivx € KO(X)[8, 871
in(%) = s,z € K°(P)[3, 871

Noting that X;NZ xP! = (), it follows from lemma 5.1.11 and proposition 5.2.1
that

&1 (Oy (X2))(&)) = ix (i, (%)) = 0.

hence

cha(z) o & (Oy (X2))(1y) = & (Oy (X2)(ch(Z)(1y))
)
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Thus
i14(cha(isz))
= i1.(cha(i}(#))(1y,))
= cha(@)(i1«(1y,))

)
)
)+ (Oy (Xz)) — b en™ (Oy (P))éf (Oy (X2))) (1y)
(

Let i,i? : Z — Z x P! be the 0- and 1-sections. For any element y € A,(2),
we have piy € A,y 1(Z x P) and it follows from lemma 2.3.7 that
if.(y) = &' (Ozxm (1)) (P1y) = it (y).
Thus

i (ix(cha(x))) =

Now apply the push-forward along p :=p;opu: Y — X to all our identities. Using

lemma 4.2.8, we have

This completes the proof of the proposition. O

We can now prove the following version of theorem 1.2.3 involving oriented weak
cohomology theories on Smy, (rather than genuine oriented cohomology theories):

THEOREM 4.2.10. Let A* be an oriented weak cohomology theory on Smy.
Assume that A* is multiplicative and periodic. Then there exists one and only one
morphism of oriented weak cohomology theories

chy: K°[3,571] — A*
PROOF. For a vector bundle F on X € Smy, we write c}(E) for ¢(E)(1x).

We first observe that chy has to map 3 = [P!] to b = [P']4. Moreover, as for
X € Smy, and any line bundle L over X with sheaf of sections £, one has in K°(X)

(L] =1- (1~ [(£)]=1-¢f(LY)- B,
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one must have
cha([L]) = cha(l — (LYY - 8) =1 — ML) -b.

Using the splitting principle, this establishes uniqueness.

Let A, be the oriented Borel-Moore weak homology theory on Smy, correspond-
ing to A*. We have already shown that the Chern character ch : K°[3, 371] — A.
constructed above is a natural transformation of oriented Borel-Moore weak homol-
ogy theories, which completes the proof. O

REMARK 4.2.11. The classical Grothendieck-Riemann-Roch theorem can be
easily deduced from theorem 4.2.10. Indeed, consider the oriented weak cohomology
theory

X — CH*(X)® Q[B,57']"

constructed in example 4.1.24. Now by theorem 4.2.10 there exists one (and only
one) morphism

9: K°[8, 7! — CH* ® Q[3, 3~

of oriented cohomology theories. One then checks by the splitting principle that ¢
is equal in degree 0 to the Chern character

ch: K°(X) — CH(X) ® Q,
where CH(X) denotes the ungraded Chow ring. The explicit formula for the push-
forward maps in CH*®Q|3, 371]*? yields the Grothendieck-Riemann-Roch theorem.

COROLLARY 4.2.12. Let k be a field admiting resolution of singularities. Then
for any smooth k-scheme X the natural homomorphism:

Q*(X) ®]L* Z[ﬁvﬁ_l] - KO(X)[/Baﬁ_l}
is an isomorphism.
PROOF. By remark 4.1.12, X — Q.(X) ®y, Z[3, 37!] is the universal oriented
multiplicative periodic Borel-Moore weak homology theory (either on Schy or on
Smy,). Theorem 4.2.10 implies on the other hand that X — K(X)[3,371] is also

the universal oriented multiplicative periodic Borel-Moore weak homology theory
on Smy,, whence the result. ([

REMARK 4.2.13. We do not know whether or not the canonical homomorphism

Q(X) @, Z[B, B — Go(X)[B,871]

is an isomorphism for all finite type k-schemes X. What follows from the previous
theorem is that

Q(X)®L, Z[B, 7] — KgM(X)[8,87"]

is an isomorphism for any finite type k-scheme X. The remaining problem is to
decide whether or not

EgM(X)[8,67] — Go(X)[8,671]

is an isomorphism for any finite type k-scheme X, assuming k admits the resolution
of singularities.

Theorem 1.2.3 follows easily from theorem 4.2.10:



94 IV. ALGEBRAIC COBORDISM AND THE LAZARD RING

PROOF OF THEOREM 1.2.3. We use the fact (proposition 5.2.4) that an ori-
ented cohomology theory on Smy gives rise to an oriented weak cohomology the-
ory on Smy by restricting the pull-back maps to smooth morphisms, and setting
& (L)(x) =e1(L) U

By theorem 4.2.10, there is a unique natural transformation ch4 : K°[3, 37! —
A* of oriented weak cohomology theories on Smy. We claim that chy commutes
with all pull-back maps, not just pull-back for smooth morphisms. Indeed, the
pull-backs in K-theory come from pulling back vector bundles, and the result fol-
lows from the naturality of Chern classes. Since ch, is compatibile with external
products, this implies that ch4 is a ring homomorphism; ch 4 is thus a natural
transformation of oriented cohomology theories on Smy, completing the proof. [

4.3. The cobordism ring of a point

In this section, we compute ., (k) by showing that the canonical homomorphism
d: L, — Q.(k)

is an isomorphism over any field admitting resolution of singularities and weak
factorization (at present, this limits the result to fields of characteristic zero).

Our strategy to prove that L, = Q.(k) is to show first that ® is always in-
jective, for any field. Then to prove surjectivity it is sufficient to prove that the
augmentation €, (k) — Z induces an isomorphism €, (k) ®. Z = Z. To do this we
proceed inductively in the dimension.

4.3.1. The canonical splitting. In this section we prove that ® is always a
monomorphism, over any field. The first method is only valid when the field admits
a complex imbedding.

LEMMA 4.3.1. Let 0 : k — C be a complex embedding. Then sending a smooth
projective k-scheme X to the complex cobordism class of the compact complex man-
ifold X,(C) descends to a homomorphism

Y Qe (k) = MU,,,

which is independent of the choice of o. In addition, composing ¥ with ® induces
Quillen’s isomorphism
(I)MU : ]L* = MU2*.

In particular, ® is injective.

PROOF. An embedding o gives a functor from the category of smooth k-
schemes to the category of complex manifolds, which we denote by X +— X, (C).
The functor X + MU?*(X,(C)) defines by [28] an oriented cohomology the-
ory on Smy; by propostion 5.2.4this functor is also an oriented weak cohomol-
ogy theory on Smy in the sense of definition 4.1.13. The universality of alge-
braic cobordism gives us a canonical map of oriented weak cohomology theories
Inu,o(X) : Q(X) > MU?*(X,(C)). In particular, 9pyp,» (k) yields the ring ho-
momorphism ¢ : Q, (k) — MUa,.

By construction, the composition L, — Q. (k) — MUs, is the canonical homo-
morphism @ 7, which, by Quillen’s result [28], is an isomorphism.

We conclude by showing that ¥ doesn’t depends on o. Indeed, Q. (k) is gen-
erated by classes [X] of smooth projective varieties over k. In addition, by Milnor
[20], the class [X,(C)] € MUs. depends only on the Chern numbers of X. But
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the latter can be computed algebraically and are thus independent of the choice of
complex embedding. In other words, given two complex embedding ¢ and 7, the
varieties X,(C) and X, (C) are automatically cobordant. O

Another way to prove the injectivity, over any field, is as follows. We use the
morphism
9°F Q. — CH,[t]®

defined in example 4.1.26. Its associated formal group law is by construction the
power series

Fe(u,v) = XA () + A7 (),
where

Au) = Ztiui"'l EL[t1, ... tn,...][[u]],
i>0
with the convention that to = 1. Here A~!(u) is the inverse power series, satisfying

A(A71(u)) = u. The statement of the following lemma is obvious, by construction,
except for the injectivity assertion.

LEMMA 4.3.2. Let k be a field. Then the composition of the homomorphism
Qu(k) = Z[t1, .. tn,...]

induced by 9°F and of
oL, — Q.(k)

is the canonical monomorphism
L* — Z[tl,...7tn7...]
classifying the formal group law Fy.

We can thus deduce:
COROLLARY 4.3.3. Let k be any field. Then
O : L, — Q. (k)
is a monomorphism.
For the injectivity in lemma 4.3.2, we refer the reader to [2, 28].
REMARK 4.3.4. One can check that the homomorphism
Qu(k) = Z[tr, ... tn,...]

sends the class [X] of a smooth projective k-scheme X of dimension d to the sum

chern(X) = Z {er(Nx) .. eq(Nx)*, [X])

L5,

where the ;s are non-negative integers, Nx = —Tx € K°(X) is the virtual normal
bundle? of X and (z,[X]) € Z denotes the degree of a class x € CH*(X) (which is
zero unless = has degree d).

Thus this homomorphism is just “computing all the Chern numbers” of X. A.
Merkurjev has proven in [22] that for an arbitrary base-field &, all these chern(X) €

3Voevodsky has proven that Nx can always be represented as a difference V' — O’ for some
vector bundle V over X [32].
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Zlt1,...,tn,...] =: Z[t] indeed lie in the (image of the) Lazard ring in Z[t]. This
provides in fact a ring homomorphism
U Q. (k) — L,

which is left inverse to ®, over any field. In the sequel, however, we will not use
this fact, only corollary 4.3.3.

4.3.2. The main theorem. Throughout this section we assume that k admits
resolution of singularities and weak factorization.

REMARK 4.3.5. For a field of characteristic zero, the weak factorization prop-
erty has been proved in [1] and [35]. Of course, resolution of singularieties follows
for a field of characteristic zero by [11]. Thus all the results in this section are valid
for k a field of characteristic zero.

We are now prepared to begin the proof of the surjectivity of ® : L, — Q. (k)
which will thus finish the proof of theorem 1.2.7, restated as theorem 4.3.7 below.
In the sequel, we denote by Q24(k) the ring Q. (k) ®L, Z.

We first show that the class of W in Q%¢(k) is a birational invariant.

PROPOSITION 4.3.6. Let W and W' be smooth projective varieties over k. Sup-
pose that W and W' are birationally isomorphic. Then [W'] = [W] in Q24(k).

PrOOF. The proof uses weak factorization and resolution of singularities in an
essential way. By resolution of singularities, we may assume there is a birational
morphism W — W’. By weak factorization, there is a sequence of birational
morphisms

W=Wy—Yy—-W,—...Y, =W, =W

each of which is the blow-up along a smooth center. This reduces us to the case
W' = Wpg — W, the blow-up of W along a smooth center F'. We conclude by using
corollary 4.2.5. (]

THEOREM 4.3.7. Let k be a field admitting resolution of singularities and weak
factorization. Then the natural map L, — Q. (k) is an isomorphism.

PROOF. By corollary 4.3.3, we need only to show that Q%¢(k) = Z. By the-
orem 2.5.12, the degree map Q¢(k) — Z is an isomorphism. We now show that
Qad(k) =0 for all n > 0.

Let Y be a smooth irreducible projective variety of dimension n over k. Embed
Y in a PV, and take a general linear projection of Y to a Y Cc P"*!; with Y — Y
finite and birational. Let g : S — P"*! be a sequence of blow-ups with smooth
centers lying over King such that p*(Y) is a strict normal crossing divisor. Write

where Y is the proper transform of Y, and the E; are components of the exceptional
divisor of p.

Since Y — Y and Y — Y are birational isomorphisms, Y is birationally iso-
morphic to Y. Thus, by proposition 4.3.6, we have [}7] = [Y] in Q29(k). Write u
as a composition of blow-ups of S; along the smooth center Fj:

S =5, 9 £ A g = prtl
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Let E; C Si_1 be the exceptional divisor pu; '(F;); E; is the projective bundle
P(N;) — F;, where N; is the conormal sheaf of F; in S;. Reordering the F;, the
map S — S;_1 restricts to a birational morphism F; — E;. By remark 4.2.4 and
proposition 4.3.6, it follows that [E;] = 0 in Q2%(k).

Suppose Y has degree d in P**1. Let D C P"*! be the divisor of a general
section of O(d). Then both D and p*D are smooth and irreducible, and p : u*D —
D is birational. Thus [p*D] = [D] in Q24(k) by proposition 4.3.6. On the other
hand, p* D is linearly equivalent to u*(Y), hence [u*D — S] = [u*Y — S]in Q,,(S).
Pushing forward to Spec k and using remark 3.1.7, we find

[D] = [u*D) = [0Y] = [Y] = [Y] € 37 (k)

Furthermore, D is linearly equivalent to d hyperplanes in P"*!, so by remark 3.1.7
and lemma 4.2.3,
[D] = d[P"] = 0 € Q7 (k),

completing the proof. O
REMARK 4.3.8. It is reasonable to conjecture:

Conjecture 1. Let k be a field. Then
O(k): L. — Q. (k)
is an isomorphism.

We have proven this conjecture in characteristic zero and we know that the
map ®(k) is always injective. Moreover, theorem 2.5.12 shows that this conjecture
is true in degree 0 over any field. Furthermore, one can check that our previous
proof can be carried for smooth curves over a field, proving the conjecture in degree
1 as well.

In fact, the group €2; (k) is the free abelian group generated by [P!]. Moreover,
let C' be a smooth projective curve over k, g its genus (the genus of its extension
to an algebraic closure of k). Then

[C]=(1-g)-[P']

n Ql(k)

Finally, it seems reasonable to suppose that once one assumes that k admits
resolution of singularities, the weak factorization theorem can be proved using the
methods of [1] and [35], in which case theorem 4.3.7 would be valid over a field
admitting resolution of singularities.

4.3.3. Birational invariant theories. In this section we prove the following the-
orem establishing conjecture 4.2.7 for fields admitting resolution of singularities and
weak factorization.

THEOREM 4.3.9. Let k be a field admitting resolution of singularities and weak
factorization. Then the oriented Borel-Moore functor of geometric type
X — Q.(X) @, Z[5]

is the universal oriented Borel-Moore functor of geometric type which has “bira-
tional invariance” in the following sense: given a birational projective morphism
f:Y — X between smooth irreducible varieties, then f.ly = 1x.

We start by proving the following:



98 IV. ALGEBRAIC COBORDISM AND THE LAZARD RING

PrOPOSITION 4.3.10. Let I € L, denote the ideal generated by elements of the
form [W] — [W'], with W and W' be smooth projective varieties over k which are
birationally isomorphic. Then I is the kernel of the map

Qu(k) = Ly — Z[f]
classifying the multiplicative formal group law.

PROOF. Let W be a smooth projective irreducible k-variety. The image of [W]
in Z[#] will be denoted by [W]s in the sequel.

First, if W and W’ are smooth projective varieties over k which are birationally
isomorphic then by resolution of singularities and weak factorization there is a
sequence of birational morphisms

W=Wy—Yy—=W,—...Y, =W, =W

each of which is the blow-up along a smooth center. By corollary 4.2.5, we conclude
that [W]g = [W']g proving that I is contained in the kernel Ker of Q. (k) =L, —
Z[3).

To prove the converse inclusion Ker C I we proceed by induction on degree.
The homomorphism L, — Z[f] sends a11 to § and a;; to zero if ¢ > 1 or j > 1.
The Ker is the ideal generated by the a;; with ¢ > 1 or j > 1. By remark 2.5.8
and induction on n + m, we see that

Unm = [Hpm] — [P" x P71
— [P x P 4+ [Pt x P x P mod 1.

As P x Pm—1 Pl x P and P! x P*~! x P™~! are all birational to P*"*™~1  the
result follows from corollary 4.2.5 and the lemma below. O

LEMMA 4.3.11. For each pair (n,m) of positive integers, the Milnor hypersur-
face Hy, m C P X P™ is birational to P"r™—1,

Proo¥F. Assume n < m. Then the projection H,, ,, — P" realizes H,, ,,, as a
P~ L-bundle over P*. More precisely, if Xo,..., X, and Yy,...,Y,, are standard
coordinates on P™ and P™, one can use the section Y . X;Y; of O(1,1) to define
H,, m, and then H,, ,,, = Projp. (E), where E is the kernel of the surjection Og?fl —
Op~ (1) with matrix (Xo, ..., X,,0,...,0). Thus H, , is birational to P**™~1 O

PROOF OF THEOREM 4.3.9. Let A, be an oriented Borel-Moore functor of geo-
metric type which has birational invariance. By birational invariance of A,, we see
that the map L, = Q.(k) — A.(k) vanishes on the ideal I considered in proposi-
tion 4.3.10. From that proposition, the map L. = Q. (k) — A.(k) factors through
L. — Z[f]. Thus the map

Q.(X) = A.(X)

given by the universality of €2, induces a canonical morphism
Q.(X) &L, 28] — AL(X).

Thus it remains only to prove that the theory X — Q. (X) ®p, Z[3] itself
has birational invariance. Given a birational projective morphism f : ¥ — X
between smooth irreducible varieties, then by weak factorization there exists a
finite sequence of blow-up and blow-down with smooth centers in the category of
X-schemes starting with Y and ending with X. So we reduce to proving f.ly = 1x
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when f is a blow-up with smooth center, and this clearly follows from corollary 4.2.5.
O

4.4. Degree formulas

4.4.1. The degree homomorphism. Let A, be an oriented Borel-Moore weak
homology theory on Schy. For a finitely generated field extension & C F', one
denotes by A,(F/k) the colimit over the category of all models * X of F over
k of the groups A, deg tr(r/k)(X). We observe that the smooth pull-backs in A,
make the assignment F' +— A, (F/k) covariantly functorial with respect to separable
field extensions: given a separable extension ¢ : F' C L of fields which are finitely
generated over k, one has a homomorphism ¢* : A, (F/k) — A.(L/k), functorial in
towers.

For instance, given an integral k-scheme X with function field F' = k(X), then
A, (F/k) can be identified with the colimit

colimy  x Aswtdim, x (U)

where U ranges over the set of non-empty open subsets of X. Letting i : n — X
denotes the generic point of X, we denote by

i Avgdim, x (X) — AL (F/k)
the canonical homomorphism.

DEFINITION 4.4.1. The oriented Borel-Moore weak homology theory A, is said
to be generically constant if for each finitely generated separable field extension
k C F the canonical morphism A, (k) — A.(F/k) is an isomorphism.

For instance, the Chow group functor has this property; recall that CH,.(F'/k) =
Z placed in degree zero, for any finitely generated field extension k C F. The K-
theory functor K°[3, 37!] has this property as well. We now proceed to prove that
algebraic cobordism also satisfies this property in characteristic zero; the proof will
crucially rely on theorem 4.3.7.

Let £k C F be a finitely generated field extension of characteristic zero. We
define a ring homomorphism

O (F/k) — Q. (F)

as follows: The group Q. (F/k) is generated by classes of the form [f : Y — X], with
f:Y — X a projective morphism, Y smooth and irreducible, and X integral with
field of function F'. Let n be the generic point of X. Then, since the characteristic
is zero, the generic fiber Y, of f, which is a projective F-scheme, is also a smooth F-
scheme. The assignment [Y — X] — [Y;] then induces the desired homomorphism.
Indeed, it is easy to check that the kernel of M(X)T — Q,(X) maps to zero, and
that the resulting homomorphism Q.(X) — Q.(F) is natural on the category of
models of F' over k, hence descends to the direct limit Q. (F/k).

LEMMA 4.4.2. Let k be a field of characteristic zero, then for a finitely generated
field extension k C F the homomorphism

Q. (F/k) — Q.(F)

is an isomorphism

4A model of F over k is an integral finite type k-scheme X together with an isomorphism
between the field F' and the field of functions of X.
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PROOF. Let X denote an integral model for F'. Since each f:Y — 7 in M(n)
is projective over n, it is clear that ¢* induces an isomorphism

P i M(U) — M(F).
U

IfY — 5 is in M(n), then each invertible sheaf £ on Y is the restriction of an
invertible sheaf £ on Y for some open U and some f : Y — U in M(U) inducing
Y — n. Thus

7;* : li_I,nQ*+dika(U) - Q* (F)
U
is an isomorphism. As similar argument easily shows that

i hgn Q*+dika(U) — Q* (F)
U

is an isomorphism. 0

COROLLARY 4.4.3. In characteristic zero, algebraic cobordism is generically
constant.

PROOF. One easily checks that the diagram

Dy (k) ————— Q. (F)
NPZ:

commutes. By theorem 4.3.7 the map Q. (k) — Q.(F) is an isomorphism. Using
lemma 4.4.2 completes the proof. (I

DEFINITION 4.4.4. Let A, be a generically constant oriented Borel-Moore weak
homology theory on Schy. Let X be a reduced irreducible finite type k-scheme.
Let 77 be the generic point of X, with inclusion 4, : n — X, and let p, : n — Speck
be the structure morphism. The map p; : A.(k) — A.(k(n)/k) is an isomorphism
by assumption, hence we have the homomorphism deg : A.(X) — Ai_dim,x (k)
defined by deg = (p;)~" oy,

More generally, if X is a reduced finite type k-scheme with irreducible compo-
nents X1, ..., X,, we have the homomorphisms

deg; : Au(X) — As_aim,x; (k), i =1,...,r, defined by

deg; := (pi;)’l o Z;
where n; is the generic point of Xj.

On classes [f : Y — X]4 with f separable of relative dimension zero, the degree
homomorphism is just the classical notion of degree:

LEMMA 4.4.5. Let A, be an oriented Borel-Moore weak homology theory on
Smy and let f :' Y — X be a projective morphism between smooth irreducible k-
schemes of the same dimension; if f is dominant, we assume in addition that f is
separable. Then one has the equality

deg([Y — X]) = [k(Y) : k(X)] - 1x
in A, (k(X)/k).
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PROOF. The proof is basically the same as that of theorem 2.5.12, taking into
account that one may replace X by any of its non-empty open subsets, so one may

assume that X = Spec R is affine and that f corresponds to an elementary étale
algebra R[T]/P. O

4.4.2. The generalized degree formula.

DEFINITION 4.4.6. Let A, be an oriented Borel-Moore weak homology theory
on Schy,. We say that A, has the localization property if for any closed immersion
1:Z — X with j: U C X the complementary open immersion, the sequence:

A(Z) 5 A(X) 2 ALU) =0
is exact.

For instance, the Chow group functor and the K-theory functor have this prop-
erty over any field. Algebraic cobordism has the localization property as well, at
least assuming resolution of singularties over k, by theorem 3.2.7.

Let X be a finite type k-scheme, Z an integral closed subscheme. We write
codimx Z > 0 to mean that Z contains no generic point of X.

THEOREM 4.4.7 (Generalized degree formula). Let k be a field. Let A, be an
oriented Borel-Moore weak homology theory on Schy,. Assume that A, is generically
constant and has the localization property.

Let X be a reduced finite type k-scheme. Assume that, for each closed integral
subscheme Z C X, we are given a projective birational morphism Z — Z with Z
in Smy. Then the A, (k)-module A,(X) is generated by the classes [Z — X].

More precisely, let X1,...,X, be the irreducible components of X. Let o be an
element of A.(X). Then, for each integral subscheme Z C X with codimxZ > 0,
there is an element wz € As_dim,z(k), all but finitely many being zero, such that

a—Zdegi(a)~[Xi—>X]: Z wz - [Z — X].
i=1 Z, codimx Z>0

One should observe that we don’t use the resolution of singularities in the proof.
The problem of course is to find some desingularisations Z — Z of each closed
integral subscheme of X. See theorem 4.4.9 below for a variant of theorem 4.4.7

which uses de Jong’s theorem [5].

PROOF OF THEOREM 4.4.7. We proceed by noetherian induction. For U; an
open subscheme of X;, we let U; denote the inverse image of U; by X; — X.
Let o € A, (X). Then the element

T
- Zdegi(a) X — X]
i=1
vanishes upon applying each of the homomorphisms deg,. Thus there is for each
1 an open subscheme j; : U; — X, containing the generic point of X; and disjoint

from Uj; X, such that jfa = deg;(a) - [U; — U;] in Q.(U;).
Thus, letting U = U;_,U;, with inclusion 7 : U — X, we have

j*(a =) _degi(@) [Xi = X]) =0
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in Q,(U). Let W = X \ U with closed immersion ¢ : W — X. By the localization
property of A,, there is an element o' of A, (W) such that

0 = Y deg; (o) [K, = X] + (o)

Each closed integral subscheme Z C W is also a closed integral subscheme in X
thus we have our projective birational morphisms Z — Z with Z € Smy,. We then
apply the inductive hypothesis to W together with the given family of projective
morphisms Z — W, where Z ranges over all the closed integral subscheme Z C W.
We get an expression of our class at € A, (W) as

al = Z wz - [Z — W]
ZCw
Together with our previous expression we thus get

0= degy(0) - [X; — X] +.(a)

-
= degi(a) - [Xi = X]+ Y wz-1Z - X],
i=1 Zcw
proving the theorem. O

COROLLARY 4.4.8. With the assumptions as in theorem 4.4.7, suppose in ad-
dition that each X; is in Smy.

(1) Let f:Y — X be a projective morphism with Y in Smy. Then, for each inte-
gral subscheme Z C X with codimx Z > 0, there is an element wy € Ax_dim, z(k),
all but finitely many being zero, such that

[f:Y = X] =) degi(f)-[Xi = X]= > wz-[Z—X]
7 Z, codimx Z>0
(2) Suppose that X is irreducible. Let f :Y — X be a projective birational mor-
phism with Y in Smy. Then, for each integral subscheme Z C X with codimx Z >
0, there is an element wz € As_dim,z(k), all but finitely many being zero, such that

f:Y = X]=[dx]+ Y = wz [Z—X]
Z, codimx Z>0

PROOF. Since X; is in Smy, we may take le — X to be X; — X. The first
assertion then follows from theorem 4.4.7. The second follows from the first, noting
that deg f =1 € A.(k) if f is birational (see lemma 4.4.5). O

THEOREM 4.4.9 (Rational generalized degree formula). Let k be perfect field.
Let A, be an oriented Borel-Moore weak homology theory on Schy, such that A, (k) is
a Q-algebra. Assume A, is generically constant and that it satisfies the localization
property.

Let X be a reduced finite type k-scheme. For each closed integral subscheme
Z C X choose a projective morphism fz : Z — Z with Z smooth over k and fy
generically étale®.

5This is possible by de Jong’s theorem.
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Then the A,(k)-module A,(X) is generated by the classes [Z — X|. More
precisely, let X1, ..., X, be the irreducible components of X, and let « be an element
of Au(X). Then, for each Z C X with codimxZ > 0, there is an element wy €
As_aim, z(k), all but finitely many being zero, such that

a—Zdegi(a)~[Xi—>X]: Z wz - [Z — X].
i=1 Z, codimx Z>0

REMARK 4.4.10. Under the assumptions of theorem 4.4.9, the analog of corol-
lary 4.4.8 is also valid. In particular, if X is in Smy, and is irreducible, then, given
a € A.(X), there exists, for each Z C X of codimension > 0, elements wz € A.(k),
all but a finite number being zero, such that

a —deg(a) - [Idx] = Z wz - [Z — X]
Z, codimx Z>0

The proof of theorem 4.4.9 is exactly the same as for theorem 4.4.7, using
lemma 4.4.5.

REMARK 4.4.11. Let A, denote an oriented Borel-Moore weak homology the-
ory which is generically constant and satisfies the localization property. Then the-
orem 4.4.7 implies that the natural map

Au(k) ©z M(X)] — Al(X)
wY = X]) ~w-[Y — X]s

is surjective. Thus the morphism Q. (X) ®z A.(k) — A.(X) must be surjective as
well.

In particular, if we assume further that the ring A, (k) is generated as a group
by classes [X] of smooth projective varieties over k, then it follows that Q. (X) —
A, (X) is surjective.

We also get:

COROLLARY 4.4.12. Let k be a field admitting resolution of singularities. Let
A, be an oriented Borel-Moore weak homology theory on Schy. Assume A, is
generically constant and that it satisfies the localization property. Then for any
reduced finite type k-scheme X, the A,(k)-module A.(X) is generated over A (k)
by the classes of degree € {0,...,dim(X)}.

In addition, suppose that X has pure dimension d over k. Let Xi,...,X,
be the irreducible components of X, and let X, — X, be a projectve birational
morphism with X; smooth. Then A,(X) is generated over A,(k) by the classes
[Xi — X] € Ag(X) and classes of degree € {0, ...,dim(X) — 1}.

Let A, be an oriented Borel-Moore weak homology theory on Schy and let
X be a reduced finite type k-scheme with irreducible components Xi,...,X. Let
d; = dim; X; and let ¢; : X; — X be the inclusion. We let A, (X) denote the kernel
of the total degree homomorphism ", deg; : A.(X) — ®;A._q, (k(X;)/k). Assume
that A, is generically constant and that each X; is in Smy. We have the map
i Ai_g, (k) = A.(X) defined by sending o to a - [X; — X]4. The composition

Au(k) 25 Ay, (X) — AL (k(X)/K)
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is an isomorphism, so, via the maps p;, one gets a direct sum decomposition as
A, (k)-modules

A(X) = A(X) @ By Aea, (K)

even if each X; has no rational k-point!

COROLLARY 4.4.13. Let k be a field admitting resolution of singularities. Let
A, be an oriented Borel-Moore weak homology theory on Schy that is generically
constant and satisfies the localization property. Let X be in Schy. Choose for each
integral closed subvariety Z of X a projective birational morphism Z — Z with Z
in Smy,. Then the A, (k)-module A,(X) is generated by the classes [Z — X]a, as
Z C X runs over all irreducible closed subsets which contain no generic point of

X.

This is clear from theorem 4.4.7.

Given an oriented Borel-Moore weak homology theory A, and a projective k-
scheme X of pure dimension d > 0, denote by M (X) C A, (k) the ideal generated by
classes [Y]4 € A.(k) of smooth projective k-schemes Y of dimension dimg(Y) < d
for which there exists a (projective) morphism ¥ — X over k.

THEOREM 4.4.14. Let k be a field admitting resolution of singularities. Let
A, be an oriented Borel-Moore weak homology theory on Schy that is generically
constant and satisfies the localization property. Then for any pure dimensional
reduced projective k-scheme X, the ideal M(X) is the image of A,(X) under the
push-forward 7. : A(X) — A.(k) associated to m: X — Speck.

This easily follows from corollary 4.4.13.

4.4.3. Consequences for (.. Let k be a field of characteristic zero. As €1, is
generically constant and satisfies the localization property on Schy, all the results of
§4.4.2 are valid for Q.. In addition, since push-forward by the inclusion X,cq — X
induces an isomorphism Q. (X,eq) — Q. (X), the definitions and results of §4.4.2
extend to non-reduced schemes by passing from X to X,eq.

Rost has described a number of so-called “degree formulas” which relate the
degree of a map f : Y — X of smooth projective varieties, the Segre numbers of X
and Y, and the degrees of zero-cycles on X. As pointed out in [21], these all follow
from a formula in the cobordism of X, called the generalized degree formula.

Given a smooth projective irreducible k-scheme X of dimension d > 0, Rost
introduces the ideal M(X) C L. = Q.(Speck) generated by classes [Y] € L, of
smooth projective k-schemes Y of dimension dimg(Y) < d for which there exists
a morphism Y — X over k. We extend this definition to projective X which are
pure dimension d over k by taking A, = €, and using the definition given in the
previous section §4.4.2.

We now recall the statement of theorem 1.2.15:

THEOREM 4.4.15. Let k be a field of characteristic zero. For a morphism f :
Y — X between smooth projective irreducible k-schemes one has

[Y] - deg(f) - [X] € M(X)

This is an immediate consequence of the theorem 4.4.7 applied to algebraic
cobordism, by pushing forward the identity in theorem 4.4.7 from ,(X) to Q. (k)
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Note also that, by theorem 2.5.12, deg(f) is as it usually is, i.e., the degree of the
field extension k(Y)/k(X) if f is surjective, and zero if not.
We also prove:

THEOREM 4.4.16. For m : X — Speck projective and pure dimensional, the
ideal M (X) C L, is the image of Q.(X) by the push-forward

Ty 0 Qe (X) — Qi (k).
This an immediate consequence of theorem 4.4.14.

THEOREM 4.4.17. Let k be a field of characteristic zero. Let X be a smooth
projective k-variety.
(1) The ideal M(X) is a birational invariant of X.
(2) The class of X modulo M(X):

[X] e L*/M(X)
is a birational invariant of X as well.

ProOF. For (1), if f: Y — X is a birational morphism, then clearly M(Y) C
M (X). For the converse inclusion, we claim that, for each point z € X, there is a
point 2’ € Y with f(2') = z and with f* : k(z) — k(z’) an isomorphism. Assuming
this to be the case, we see that, for each irreducible closed subvariety Z of X, there
is an irreducible closed subvariety Z’ of Y with f(Z') = Z and with f : Z/ — Z
birational. Letting Z — Z' be a resolution of singularities of Z’, we may use
Z — Z as the chosen resolution of singularities in theorem 4.4.7. In particular, by
corollary 4.4.13, Q.(X) is the Q, (k)-submodule of Q,(X) generated by the classes
[Z — X], with Z a proper subvariety of X. Since [Z — X] lifts to the element
[Z — Y] of Q,(Y), the result follows from theorem 4.4.14.

To prove our claim, there is a sequence of blow-ups of X with smooth centers
Y’ — X which dominates Y — X. It clearly suffices to prove the claim for Y’ — X,
which in turn reduces the problem to the case of a single blow-up f : Y — X, with
smooth center C. Let z be in X. If z is not in C, then we may take z’ to be the
single point f~1(z). If 2 is in C, then the fiber f~!(z) is a projective space P}y for
some r. We may then take z’ to be any k(z)-rational point of IP’Z(Z). This completes
the proof of (1).

(2) is an immediate consequence of theorem 4.4.15 with deg(f) = 1. O

COROLLARY 4.4.18. Let X be a pure dimensional projective k-scheme. Then
the ideal M(X) in Q. (k) is stable under the action of Landweber-Novikov opera-
tions.

PROOF. By example 4.1.25, the Landweber-Novikov operations define a mor-
phism of weak oriented Borel-Moore homology theories:

9N = Z Spth: Q. — Q. [t]
1

which in particular commutes with push-forward. From this and corollary 4.4.13,
it is easy to see that ,(X) is stable under the Landweber-Novikov operations.
Noting these facts, the result follows directly from theorem 4.4.16. O

A. Merkurjev has given a proof of corollary 4.4.18 over any field in [22].
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4.4.4. Rost’s degree formulas. Rost’s degree formula (corollary 1.2.17), and
the higher degree formulas discussed in [3] are simple consequences of the general-
ized degree formula corollary 4.4.8 (for algebraic cobordism) and properties of the
relevant characteristic classes.

Let P = P(x1,...,24) be a weighted-homogeneous polynomial of degree d
(where we give x; degree i) with coefficients in some commutative ring R. If X is
a smooth projective variety over k of dimension d, define

P(X):=degP(c1,...,cq)(Nx) € CHo(k) ® R = R.
where Nx € K°(X) is the virtual normal bundle of X. Since P is obvious additive

under disjoint union, we have the homomorphism P : M* (k) — R.

LEMMA 4.4.19. P: M™T(k) — R descends uniquely to an R-linear map
P:Qq4(k)®z R— R.

PROOF. Since M (k) — Q. (k) is surjective, P is unique. To show existence,
we have the natural transformation 9¢¥ : Q. — CH, [t] () defined in example 4.1.26.
To a monomial " - ...t of weighted degree d (deg(t;) = i), we associate the
symmetric function in the Chern roots

Zg;ﬂ g,

where exactly n; of the a;’s are j, for j = 1,...,7, and the remaining a; are zero.
In this way, we have an isomorphism ¢ of the degree d part of Z[ty,...] with the
degree d symmetric functions in &1, &, . ... Additionally, writing

— USRS n
Ct = § tl t2 .‘.t'l"rcnlv---7n7‘7

we see that ¢, . n,. = F(c1,...,¢pn), where F is the polynomial with Z-coefficients
expressing @¢(¢7'¢52...¢0) in terms of the elementary symmetric functions in the

&i-
On the other hand, from the definition of CH, [t]®), if p : X — Speck is smooth
and projective, we have (in CH,[t]®))
p«(l1x) = pu(p™(1)) = deg et (Nx) € Zt, ta, .. .].

In particular, sending X to deg ¢y, ... n, (Nx) descends to a homomorphism Q4(k) —
Z, where d = ) in;. Writing P(ci,...,cq4) as an R-linear combination of the
Cny,....n,. yields the result. O

Let S4 be the polynomial in the Chern classes which corresponds to the sym-
metric function in the Chern roots Y, €4, that is, Sy = ¢(t4). Clearly

Sd(cl, . ,Cd)(E D F) = Sd(cl, c. ,Cd)(E) + Sd(cl, ey Cd)(F)
for vector bundles F and F', from which it easily follows that
(4.4.1) Siy(X xY)=0

if dimgX > 0 and dimY > 0, dimy X + dimY = d. Furthermore, it follows from
lemma 7.9 (iii) (page 67) and corollary 7.14 (page 73) of [2, Part II], together with
theorem 4.3.7 and lemma 4.3.2, that the image

ICF(Q, (k) C Z[ty, Lo .. ]
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is the subring generated by aqtq, d =1,2..., where

p if d =p™ — 1 for some prime p and some n > 1
aq = .
1  otherwise.

Since Sy = ¢(tq), it follows from our description of 9¢*" in the proof of lemma 4.4.19
that
(4.4.2)

If d = p™ — 1 for some prime p and some integer n > 1, then

Sa(Qa(k)) = pZ C Z.

Setting sq := Sg/p, this yields
LEMMA 4.4.20. Let d = p™ —1 for some prime p and some integer n > 1. Then
Sq:Qalk) —Z
induces an isomorphism of the indecomposable quotient QQq(k) with Z.

PROOF. From [2, loc. cit.], the Lazard ring L, is a polynomial ring on genera-
tors y1, Y2, ..., with degy; = i. As L, = Q. (k), it follows that the indecomposable
quotient Q. (k) is Z in each degree. Furthermore Sy vanishes on products and
sq : Qa(k) — Z is surjective, completing the proof. O

In addition to the integral classes sq, for integers d = p™ — 1 and r > 1 there
are mod p characteristic classes tq,. The classes are defined as follows: Let Fp[v,,]
be the graded polynomial ring with v, in degree p™ — 1, and let ¢ : L, — Fp[v,]
be a graded ring homomorphism such that the resulting group law F over Fp[v,,]
has height n, that is, the power series [p|r(u) has lowest degree term au?”, with
a # 0. Identifying L, with Q, (k) using theorem 4.3.7, we have the homomorphism
Y Q. (k) — Fplv,]. For € Q,.q(k), there is a unique element t4,.(n) € F,, with
Ypn(n) = tar(n)vy,. Clearly

tar: Qra(k) =T,

is a homomorphism. Even though the ¢;, may depend on the choice of v, we
usually omit this choice from the notation.

EXAMPLE 4.4.21. Let V,, be the polynomial ring Z,)[vi, vs,...], where Z,)
is the localization of Z away from p, and v; has degree p' — 1. By [29, Theorem
A2.1.25, page 364], there is a split surjective graded ring homomorphism

0, :L*@Zy) — V,

which classifies the formal group laws which are p-typical [29, Appendix A.2]. The
map P, is not unique, but there are two commonly used choices of ®,, one due
to Hazewinkel and one due to Araki, which agree mod p. Composing ®, with the
quotient map

Vo = Vo /(P15 -, U1, Unt1, - - ) 2 Fplop]
defines a surjective graded ring homomorphism

Ypn L — Fploy].

It follows from the formula [29, A2.2.4, page 370] that the group law defined by
¥p n has height n.
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In particular, there do exist height n formal group laws over F,[v,], so our
definition of the ¢4, is not empty.

PROPOSITION 4.4.22. Let p be a prime, n > 1 an integer and let d = p"™ — 1.
Let ) : L, — Fp[vy] be a graded ring homomorphism giving a height n formal group
over Fyv,]. Then sq and the tq, have the following properties:

(1) The homomorphisms tq, : Qay(k) — F), are non-zero for all r > 1.
(2) If X1,..., X, are smooth projective varieties with ), dimX; = rd, then

tar([[; Xi) = 0 unless d|dimX; for each i.

(3) There is an element u € FS such that

s5q = utq; mod p.

PROOF. (1) is the same as asserting the surjectivity of ¢. As 1) is a homomor-
phism of graded rings, 9 is surjective if and only if ¢4 is non-zero. To see that ¢4 ;
is non-zero, write the universal group law as Fy,(u,v) = u+v+ Zij>1 aijuivj, with
aij € Li+;—1. Then the group law F' over F,[v,] coming from 1 is -

F(u,v) =u+v+v,- Z tar(a;)u'v?  mod (u,v)P" L.
i+j=p"
Since F' has height n, it must be the case that F'(u,v) —u — v is non-zero modulo
(u,v)P" 1, hence t41(a;;) # 0 for some 4, j, proving (1).
Since 1 is a ring homomorphism, we have

terXY thz tdrzY)

where we set tg0 = 1. Since t4,(X) =0 unless dimg (X)) = di, (2) follows easily.
For (3), we have already seen that ¢41 : Qq(k) — F, is surjective. By (2), t41
factors through the mod p indecomposable quotient QQ4(k)/p. By lemma 4.4.20,
sq gives an isomorphism of QQq(k)/p with I, hence t41 : QQq(k)/p — Fp is an
isomorphism as well, proving (3). O

We can now prove the main results of this section.

THEOREM 4.4.23. Let f : Y — X be a morphism of smooth projective k-
schemes of dimension d, with d = p™ — 1 for some prime p. Then there is a
zero-cycle n on X such that

sa(Y) — (deg f)sa(X) = deg(n).

THEOREM 4.4.24. Let f : Y — X be a morphism of smooth projective k-
schemes of dimension rd, d = p™ — 1 for some prime p. Suppose that X admits a
sequence of surjective morphisms

X:XO—>X1—>...—> 7«_1—>X7«:SpeCk'
such that:
(1) Fach X; is in Smy, and dimpX; = d(r — i).
(2) Letn be a zero-cycle on X; xx,,, Speck(X;4+1). Then p|deg(n).
Then

i+1

tar(Y) = deg(f)ta,r(X).

REMARK 4.4.25. By proposition 4.4.22, theorem 4.4.24 for r = 1 follows from
theorem 4.4.23.
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PROOF. For theorem 4.4.23, corollary 4.4.8 gives the identity
[V — X] — (deg f)[X = X] = Z%Z — X]
in Q.(X); pushing forward to Q. (k) gives the identity

[Y] — (deg /)[X szz

in Q,(k). Apply sq4 to this identity. Since sq4 vanishes on non-trivial products, and
since Z; — Z; is an isomorphism if dim;Z; = 0, we have

sa(Y) — deg(f ijsd ) deg(z;)

for smooth projective dimension d k-schemes Y;, integers m; and closed points z;
of X. Since s4(Y;) = n; for suitable integers n;, we have

sa(Y) = deg(f)sa(X) = deg(Y_ myn;z),
J
proving theorem 4.4.23.
For theorem 4.4.24, we have as before

[V — X] — (deg f)[X = X] = ZwlZ—>X

in Q.(X). We push forward to Q.(Xs), and decompose each Z; — X, using
corollary 4.4.8, giving

(Z; — Xa] = woj[Xa = Xo] + Y nijwi;[Zi — Xo
in Q.(X3). Iterating, we have the identity in Q. (k)

Y] = (deg HIX] = > nl]] V],

I=(igy.0sin) =0
where the Y7; are smooth projective k-schemes. In addition, the conditions on the
tower imply that p|ny for each product H;:o Y7, such that d|dimY7; for all j. Apply
tqr to this identity yields t4,(Y) = deg(f)ta(X). O

REMARK 4.4.26. Let k be any field. Let f : Y — X be a morphism between
smooth projective varieties of dimension d > 0. Then there always exists a 0-cycle
on X with integral coefficients X,n,, - 2, (Where the z, are closed points in X) and
satisfying
(4.4.3) Sa(Y) —deg(f) - Sa(X) = Zanalr(za) : k.

In characteristic zero this easily follows from the above considerations but this
can proven over any field as follows. One consider the oriented Borel-Moore weak

homology theory given by X +— CH,(X)[t]* and constructed in §4.1.9. It is then
obvious that the class [f : Y — X] can be written

[f:Y — X] =deg(f) - ldx] + Tawa - [Za C X]
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with w, € Z[t] and codimx(Z) > 0. Pushing this forward to CH,(k)[t]* = Z[t]
gives
[Y] = deg(f) - [X] = Zawa - (7x){[Za]

from which the formula (4.4.3) follows by taking Sy. However one cannot deduce
the more subtle corollary 1.2.17, because it is not true in general that, if d = p™ — 1
for some prime number p and n > 0, that Sy(w) is divisible by p for w € Z[t], even
though this holds for the elements in L, C Z[t]. Thus the difficulty is that, if one
uses only the theory CH*, one doesn’t know that the wy lie in L,.

4.5. Comparison with the Chow groups

In this section we prove theorem 1.2.19, which we restate:

THEOREM 4.5.1. Let k be a field of characteristic zero. Then the canonical
morphism
Q. XL, 7, — CH,

is an isomorphism of Borel-Moore weak homology theories on Schy.

As the theory Q. (X) ®, Z is evidently the universal ordinary oriented Borel-
Moore weak homology theory on Schy, we can reformulate this theorem by saying
that CH, is the universal ordinary oriented Borel-Moore weak homology theory on
Schy. It is reasonable to conjecture that this statement still holds over any field.

To prove the theorem, we construct an explicit inverse morphism CH, — Q. ®p,,
Z. Throughout this section, k will be a field of characteristic zero.

4.5.1. The map Z.(X) — Q. @, Z. Given a finite type k-scheme X, we de-
note by Z,.(X) the free abelian group on the set of closed integral subschemes
Z C X, graded by the dimension of Z.

~ LEMMA 4.5.2. Let m: Z—Zbea projective birational morphism with Z and
Z smooth over k. Then the class of the projective morphism Z — Z:

Z = Z) =71z € Q(Z) @1, Z
equals 1.

Proor. This follows from theorem 4.3.7 and corollary 4.4.8 because the classes
w involved, being of positive degree, vanish in Q.(Z) ®r, Z. O

Let X denote a finite type k-scheme, and let Z C X be a closed integral
subscheme of X.

LEMMA 4.5.3. Let Z — Z be a projective birational morphism with Z smooth
over k. Then the class of the projective morphism Z — X:

[Z — X] € (X)L, Z
depends only on Z. We denote this class by [Z C X].

PROOF. Indeed, let f; : Z1 — Z and fo :~22 — Z be projective birational
morphisms with Z; and Zs smooth. Letting Z3 — Z; X Z3 be a gesolutjon of
singularities of the closure of the graph of the birational map f; Yo Z1 — Zy, the
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projective morphisms m : Zs — 71 and my : Z3 — Zs are birational. We deduce
from lemma 4.5.2 that, in Q,(X) ®L, Z, one has:

(21— X] = f1.(15) = fra(m1.(13,)) = (from)a(1z,)

= (f2om)ul(ly,) = faulmau(ly,)) = fou(1z) = [Zo — X],
thus establishing the lemma. O
DEFINITION 4.5.4. For a finite type k-scheme X, we denote by
6 Z.(X) = Q(X) &L, Z
ZCcXw[ZcCX|

the induced group homomorphism.

It is clear that the composition
Z(X) = Q(X)®L, Z — CH.(X)

is the canonical morphism.

Moreover we observe that ¢ : Z,(X) — Q.(X) ®L, Z is an epimorphism: this
follows easily from theorem 4.3.7 and theorem 4.4.7. Finally, it follows from theo-
rem 2.5.12 and theorem 4.4.7 that ¢ is compatible with projective push-forwards.

Thus to finish the proof of theorem 4.5.1, it suffices to prove:

LEMMA 4.5.5. Let X be a finite type k-scheme, let W C X be an integral
closed subscheme, and let f € k(W)* be a rational function on W with divisor
div(f) € Z.(X). Then one has

¢(div(f)) = 0 € Qu(X) @L. Z

Indeed, by definition, CH,(X) is the quotient of Z,(X) by the subgroup gen-
erated by the cycles of the form div(f). Thus lemma 4.5.5 implies that ¢ induces
a homomorphism CH, (X) — Q.(X) ®L, Z which is surjective and right inverse to
2. (X)®L, Z — CH,(X); ¢ is thus an isomorphism.

PROOF OF LEMMA 4.5.5. Let W C X an integral closed subscheme W C X
and f a non-zero rational function on W. By resolution of singularities, there is a
projective birational morphism 7 : W — W such that W is in Smy, and such that
the induced rational function f on W defines a morphism f W — PL. We may also
assume that divf is a strict normal crossing divisor on W; write divf = Dy — Duo,
with Dy and D effective and having no common components. In particular, the
strict normal crossing divisors Dy and D, have classes [Dg — W], [Doo — W] in
Q. (W).

From our explicit formula for the class of a normal crossing divisor, and the
isomorphism Q24 (k) = Z (theorem 4.3.7), it follows that

¢(Do) = [Do — Wlgaa;  ¢(Doo) = [Doo — Wgaa.
Thus
$(divf) = ¢(m(Do — Do) = m([Do — Wlgaa — [Dog — Wlgaa).
In addition, as Oy, (Do) = f*Op(1) = Oy, (Do), we have
(Do — W] =& (f*Op: (1))(1y7) = [Doe — W],
by proposition 3.1.9. This completes the proof of the lemma. O
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REMARK 4.5.6. Let X € Schy. We denote by I,(X) C Q.(X) the kernel of
2, (X) — CH.(X). Then theorem 4.5.1 implies that
I.(X) =Ls; - Q.(X).
4.5.2. A filtration of algebraic cobordism. Let X be a finite type k-scheme and
let n > 0 be an integer. We define the graded subgroup
FMQ(X) C Q.(X)

to be the one generated by classes [f : Y — X] with Y smooth, irreducible and
dim(Y) — dimf(Y) > n. We observe that this is a sub-Q,(k)-module of Q. (X).
For X = Speck one has F("Q, (k) = Qu>,(k), the subgroup of elements of degree
> n. In characteristic zero, we moreover know that L, = Q,(k). By the result of
the previous section, we have F(VQ, (X) = L.(X).

THEOREM 4.5.7. Let X be a finite type k-scheme and let n > 0 be an integer.
Then one has
FMQO(X) =Ly, - Q.(X)

ProoOF. This follows easily from theorem 4.4.7. (]

The associated bigraded abelian group @, F(™Q, (X)/F®+t)Q,(X) is denoted
by Gr.Q.(X). For X = Speck it is canonically isomorphic to €. (k) via the obvious
isomorphism: F(™Q, (k)/F"t)Q, (k) = Q. (k).

As

G (X) = GoLn - Qu(X) /Lapsr - 2.(X)
and CH,(X) = Grof.(X), the multiplication map L, ® Q.(X) — Q.(X) induces
the the canonical homomorphism of bigraded abelian groups
Oy : L, ® CH,(X) — Gr.Q.(X).
COROLLARY 4.5.8. For any finite type k-scheme X, the map
Ox : L, ® CH.(X) — Gr.Q.(X)
is an epimorphism of L.-modules.

REMARK 4.5.9. Using theorem 4.1.28 one can show that ®x ® Q is an isomor-
phism.

4.5.3. Some computations.

LEMMA 4.5.10. Let X be a finite type k-scheme. Then the group F(DQo(X)
vanishes, and the canonical morphism

Q(X) — CHp(X)
is an tsomorphism.

PRrROOF. This is an immediate consequence of corollary 4.5.8. Indeed, the ho-
momorphism
Ox : L, ® CH.(X) — Gr.(Q.(X))
induces in bi-degree (0,0) an epimorphism:
CI)X : LO & CH()(X) — G?"()(QQ(X)) = QQ(X)

which is left inverse to the canonical morphism Q4 (X) — CHy(X). O
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Now we are going to study Q;(X). By the theorem 4.5.7 we have an exact
sequence of abelian groups
We recall that L is a free abelian group on the class [P!] so that the left hand side
is isomorphic to Z @ Qp(X) = Qo(X).
LEMMA 4.5.11. Let X be a smooth k-scheme. Then the composition
Qo(X) =Z® Qo(X) — N (X) — Ko(X)
is the canonical homomorphism CHy(X) = Qo(X) — Ko(X) which maps a 0-cycle

to the class of its associated Ox-module..

This is easy to prove and is left to the reader. R
For a finite type k-scheme X, we have the reduced Ky of X, Ky(X), defined as
the kernel of the rank map Ko(X) — H°(Xzar, Z).

COROLLARY 4.5.12. (1) Let X be a smooth k-scheme of dimension 1. Then
the homomorphism Q1(X) — Ko(X) is an isomorphism.

(2) Let X be a smooth k-scheme of dimension 2. Then the homomorphism Q1 (X) —
Ko(X) is an monomorphism which identifies Q1(X) with Ko(X).

PrOOF. (1) By lemma 4.5.11, we know that the homomorphism €, (X) —
Ky(X) induces a map from the exact sequence
CHo(X) — 1 (X) — CHy(X) — 0
to the short exact sequence
0 — CHp(X) — Ko(X) — CHy(X) — 0,

and is thus an isomorphism.

(2) We have the homomorphism det : Ko(X) — CH;(X) induced by assigning
to a vector bundle E of rank n the isomorphism class of its maximal exterior
power A"(E) € CH;(X) = Pic(X). For a smooth surface, it follows from the
Grothendieck-Riemann-Roch theorem that we have a short exact sequence

det

0 — CHo(X) — Ko(X) =5 CH, (X)) — 0.

Noting that Q;(X) — Ko(X) lands in Ko(X) for reasons of dimension, we then
argue as in (1) to conclude the proof. O






CHAPTER V

Oriented Borel-Moore homology

The main task that remains is the extension of the pull-back morphisms f* :
0*(X) - Q(Y) from smooth quasi-projective morphisms to arbitary morphisms
f:Y — X in Smy (of relative dimension d). In fact, we will work in a more
general context, giving pull-back morphisms f* : Q*(X) — Q*(Y) for each local
complete intersection morphism f :Y — X in Schg. The proper context for this
construction is that of an oriented Borel-Moore homology theory on Schy. As we
shall see in §5.1, this notion simultaneously extends both that of an oriented Borel-
Moore weak homology theory on Schy and that of an oriented cohomology theory
on Smy,.

We begin with the definition of an oriented Borel-Moore homology theory in
§5.1 and then we relate this notion to that of an oriented Borel-Moore weak homol-
ogy theory on Schy, and an oriented cohomology theory on Smy,.

5.1. Oriented Borel-Moore homology theories

5.1.1. Admissible subcategories and l.c.i. morphisms. Let S be a noetherian
separated scheme. We let Schg denote the category of finite type separated S-
schemes and Smg the full subcategory of smooth quasi-projective S-schemes.

Recall that a closed immersion ¢ : Z — X is called a regular imbedding if
the ideal sheaf of Z in X is locally generated by a regular sequence. Also, a
local complete intersection morphism in Schg, an l.c.i. morphism for short, is a
morphism f: X — Y of flat finite type S-schemes which admits a factorization as
f =qoi, where i : X — P is a regular imbedding and ¢ : P — Y is a smooth,
quasi-projective morphism.

Let V C Schg be an admissible subcategory (1.1.1). We note that each admis-
sible subcategory of Schg contains Smg. We let V' denote the subcategory of V
consisting of only projective morphisms.

We sometimes require additional objects in V), as described by the modified
version of (1.1.1)(2):

(5.1.1)

(2) (a) Y — X is an l.c.i. morphism with X € V, then Y € V.

(b) Let i : Z — X be a regular embedding in V. Then the blow-up of X
along Z is in V.

We will refer to a full subcategory V of Schg satisfying (1.1.1)(1)-(4) and (2)’ as
an [l.c.i.-closed admissible subcategory of Schg.

REMARK 5.1.1. Let i : Z — X be aregular embedding in Schg, let 4 : Xz — X
be the blow-up of X along Z and let Z be the ideal sheaf of Z. Suppose that X has
a line bundle L such that Z® L is generated by global sections; this will be the case

115
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if for instance X is a quasi-projective R-scheme for some commutative noetherian
ring R. Then p is a projective l.c.i. morphism (see lemma 7.2.3(2) below).

Thus, in case S is a quasi-projective R-scheme for some commutative noetherian
ring R, and V is an admissible subcategory of Schg consisting of quasi-projective
S-schemes, then V is l.c.i.-closed if and only if V satisfies (2)’(a) above.

REMARKS 5.1.2. (1) Our notion of an l.c.i. morphism f : X — Y may differ
somewhat from other texts, as we require that the smooth morphism in the factor-
ization be quasi-projective, and that X and Y be flat over S.

(2) For the basic properties of regular imbeddings and 1.c.i. morphisms, we refer the
reader to [7, Appendix B.7]. For example, if f: X — Y is an l.c.i. morphism, and
if we have any factorization of f as qoi, where ¢ : X — P is a closed imbedding and
q : P — Y is smooth, then 7 is automatically a regular imbedding. In particular,
if f: X — Y is a quasi-projective morphism of flat finite type S-schemes, then
the condition that f be an l.c.i. morphism is local on X (for the Zariski topology).
Also, the composition of two regular embeddings is a regular embedding.

B3)Iff: X —>Yand g:Y — Z are l.c.i. morphisms, then sois go f : X — Z.
Indeed, factor f and g as f = q1i1, g = g2io, With i1 : X — Py, 45 : Y — P; regular
imbeddings, and q; : P, — Y, g2 : P» — Z smooth and quasi-projective. Since ¢ is
quasi-projective, we can factor ¢; as a (locally closed) immersion i’ : P, — Y x g PV
followed by the smooth projection p; : ¥ xg PN — Y. Since Y — P, is quasi-
projective, there is an open subscheme U C Py x g PV containing (ip x 1d)(i(Py))
such that P — Y xp, U is a closed immersion. By (2), we may replace P; with
Y xp, U, giving the commutative diagram

1011

X%YXPZUL)U

Wl

Yy —— P,

N

Z

with i o 71 a regular imbedding, ¢ smooth and quasi-projective, and the square
cartesian. This gives the desired factorization g o f = (g2q) o (p2iiy).

Similarly, if f; : X; — Y;, ¢ = 1,2 are l.c.i. morphisms, then the product
fi X fo: X1 Xxg Xog — Y] Xg Y5 is also an l.c.i. morphism. This follows from the
fact that a flat pull-back of a regular imbedding is a regular imbedding.

(4) We call a finite type S-scheme p : X — S an l.c.i. S-scheme if p is an l.c.i.
morphism, and let Leig denote the full subcategory of Schg with objects the l.c.i.
S-schemes. From our above remarks, Lcig satisfies the conditions (1.1.1)(1)-(4)
and (5.1.1), i.e., Lcig is an l.c.i.-closed admissible subcategory of Schg. Clearly
every l.c.i.-closed admissible subcategory of Schg contains Lcig.

(5)Let f: X — Z and g : Y — Z be morphisms in Schg. Suppose that f: X — Z
is an l.c.i. morphismand that f and g are Tor-independent. Then the projection
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X XzY — Y is an l.c.i. morphism. Similary, let f be an l.c.i. morphism in Lcig,
and g a morphism in Leig. If f and g are Tor-independent (i.e. transverse in
Schg), then X xz Y is in Lcig, hence f and g are transverse in Lcig.

5.1.2. Oriented Borel-Moore homology. We introduce the notion of an oriented
Borel-Moore homology theory.

Given a rank n locally free sheaf £ on X € V, let ¢ : P(£) — X denote the
projective bundle of rank one quotients of £, with tautological quotient invertible
sheaf ¢*& — O(1)g. We let O(1)g denote the line bundle on P(€) with sheaf of
sections O(1)¢.

We call a functor F : V' — Ab, additive if F()) = 0 and the canonical map
F(X)e F(Y)— F(X]]Y) is an isomorphism for all X, Y in V.

DEFINITION 5.1.3. Let V be an admissible subcategory of Schg. An oriented
Borel-Moore homology theory A on V is given by
(D1). An additive functor

A,V = Ab,, X — A, (X).

(D2). For each l.c.i. morphism f : Y — X in V of relative dimension d, a
homomorphism of graded groups

P ALX) = Acya(Y).
(D3). An element 1 € Ay(S) and, for each pair (X,Y") of objects in V, a bilinear
graded pairing:
AdX)® AY) = Au(X x5 Y)
URV = u X,

called the external product, which is associative, commutative and admits
1 as unit element.

These satisfy

(BM1). One has Idy = Id4, x) for any X € V. Moreover, given composable l.c.i.
morphisms f : Y — X and g : Z — Y in V of pure relative dimension,
one has (f og)* = g* o f*.

(BM2). Let f: X — Z and g : Y — Z be morphisms in V. Suppose that f and ¢
are transverse in V, that f is projective and that g is an l.c.i. morphism,
giving the cartesian square

X
Jf

—Z

/
g
W——-

|
Y
L ol* .

Note that f’ is projective and ¢’ is an l.c.i. morphism. Then ¢* f, = f.g
(BM3). Let f: X - X inV and g : Y/ — Y be morphisms in V. If f and g are
projective, then for v’ € A,(X’) and v' € A,(Y”) one has

(f x g)«(u' x ') = fi(u) x gu(v").
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If f and g are l.c.i. morphisms, then for u € A,(X) and v € A,(Y) one
has

(f x 9)"(uxv) = f(u) x g™ (v)
(PB). For L — Y a line bundle on Y € V with zero-section s : Y — L, define
the operator
e1(L): A(Y) — A1 (Y)

by ¢ (L)(n) = s*(s«(n)). Let € be a rank n+ 1 locally free coherent sheaf
on X €V, with projective bundle ¢ : P(§) — X. For i =0,...,n, let

€ Ayin(X) — AL(B(E))

be the composition of ¢* : Asii_n(X) — Ay i(P(E)) with & (0(1)g)? :
Ati(P(€)) — A(P(E)). Then the homomorphism

S €W @ g Auin(X) = AL(P(E))
is an isomorphism.

(EH). Let E — X be a vector bundle of rank r over X € Schy, andletp: V — X
be an E-torsor. Then p* : A.(X) — A,4,(V) is an isomorphism.

(CD). For integers 7, N > 0, let W = PN xg ... xg PV (r factors), and let
pi : W — PN be the ith projection. Let Xo,..., Xy be the standard
homogeneous coordinates on PV, let nq,...,n, be non-negative integers,
and let i : E — W be the subscheme defined by [];_, pf(Xn)™ = 0.
Suppose that E is in V. Then i, : A.(F) — A.(W) is injective.

ExAMPLE 5.1.4. The locally finite singular homology and étale homology the-
ories studied in [6] are examples of oriented Borel-Moore homology theories.

EXAMPLE 5.1.5. The Chow groups functor X — CH,(X) on Sch). One can
check, using the projective push-forwards, the pull-backs and their properties de-
scribed in [7], that CH, is indeed endowed with such a structure. In fact, there
is one and only one structure of oriented Borel-Moore homology theory on CH,
whose underlying structure gives the usual one. This follows rather easily from [7].

EXAMPLE 5.1.6. The functor X — Go(X)[3,37!] can be shown as well to
admit a unique structure of oriented Borel-Moore homology theory on V whose
underlying structure is the usual one.

REMARK 5.1.7. The axiom (CD) may appear at first glance to be somewhat
unnatural, but it is implied by a cellular decomposition property enjoyed by many
examples of oriented Borel-Moore homology theories, namely:

(CD'). Let E be a scheme in V. Suppose that the reduced subscheme F,oq has a
filtration by reduced closed subschemes

@ZE()CElC...CEN:Ered
such that
(a) E;\ E;_1 is a disjoint union of its irreducible components.
(b) Each irreducible component E?j of E; \ E;_1 is an affine space AISV”.
(c) Let Ej; be the closure of EJ; in E;. Then Ej; is smooth over S.
Then the evident map ]_[l ; Bij — E induces a surjection

@A (Ey;) — AL(E).
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We will verify in §5.2.4 that (CD’) implies (CD). Since we will only need this special
consequence of the cellular decomposition property, we list only the property (CD)
as an axiom, even though it may seem less natural than the axiom (CD’).

We will be mostly interested in the sequel in the case S is the spectrum of a field
and V is the category of finite type k-schemes. However, many of the problems we
have considered the previous chapters for V = Schy, have interesting generalizations
for other choices of V. One can easily develop a general theory of Chern classes of
vector bundles as in §4.1. Taking for instance V to be the category of finite type
S-schemes which are regular, one has the oriented Borel-Moore homology theory

X = K*(X)[8,671).

Then, for a given multiplicative and periodic theory A*, the assignment E +—
rank(E) — c¢f'(EV) gives a natural transformation chy : K°[3,371] — A*, which
makes K°[3,371] the universal multiplicative and periodic oriented Borel-Moore
homology theory. This raises the question of whether the analogues of theo-
rems 1.2.2 and 1.2.6 are still valid in the general situation. When S = Spec (k)
for a field £ which is not perfect, for example, then one can take for V one of the
three following categories: that of all finite type k-schemes, that of all regular finite
type k-schemes, that of all smooth finite type k-schemes, and we do not know if
the analogues of theorems 1.2.2 and 1.2.6 remain true in these cases.

Another interesting example is the category Leig. This may be viewed as the
largest full subcategory of Schg for which each object mx : X — S has an obvious
fundamental class 1x := 7% (1)'. As we shall see in §7.3, from the point of view
of algebraic cobordism an l.c.i. S-scheme is essentially the same as a smooth S-
scheme. For instance, one has a virtual normal bundle for an l.c.i. S-scheme, and
a reasonable theory of Chern “numbers” for those which are projective over S.

5.1.3. Fundamental classes. Let A, be an oriented Borel-Moore homology the-
ory on an admissible subcategory V of Schg.

DEFINITION 5.1.8. Let px : X — S be an l.c.i. scheme over S. Define the
fundamental class of X, 1x € A.(X), by 1x := p% (1), where 1 € Ay(S) is the unit
element.

For f: Y — X a projective morphism in V, with Y € Lcig, we write [f : Y —
X]a for fi.(1y). We omit the A in the notation if the context makes the meaning
clear.

REMARK 5.1.9. Take S = Speck, k a field. X — Speck is an l.c.i. morphism
if and only X is a local complete intersection closed subscheme of a smooth quasi-
projective P over k. In particular, an l.c.i. k-scheme X is a Cohen-Macaulay scheme,
so X is unmixed (has no embedded components) and is locally equi-dimensional over
k. Thus, for such a scheme, we may use cohomological notation: A"(X) = Ag—n(X)
if X is connected of dimension d over k, and then extend to locally equi-dimensional
X by taking the direct sum over the connected components. In particular, the
fundamental class 1y is in A%(X).

11t is not clear if Leig is in fact the largest full subcategory of Schg for which one can define
natural fundamental classes, but one can show by examples (see [15]) that it is impossible to
define natural fundamental classes on all of Schg, even for S = Speck, k a field.



120 V. ORIENTED BOREL-MOORE HOMOLOGY

REMARK 5.1.10. Let f : Y — X be an l.c.i. morphism of l.c.i. S-schemes. Then
ff(1lx) =1y.

The axioms for an oriented Borel-Moore homology theory yield a simple de-
scription of the first Chern class operator ¢, (L) in case L admits a section which is
a non-zero divisor.

LEMMA 5.1.11. Let A be an oriented Borel-Moore homology theory on some
admissible subcategory V of Schg. Take X € V, L — X a line bundle with sheaf
of sections L. Let s : X — L a section such that the induced map xs: Ox — L is
injective, and let i : D — X be the Cartier divisor defined by s = 0. Suppose that
D isinV. Then

& (L) = ini*.

PRrROOF. Let sg : X — L be the zero section. Then both s and sg are regular
embeddings. We first show that

si=s" 1 A (L) — A1 (X).

Indeed, we have the map s(t) : X x Al — L defined by s(t) = ts + (1 — t)so,
where A = Speck[t]. Letting ig,i; : X — X x A! be the sections with value
0,1, respectively, it follows from the homotopy property (EH) that i = i}, hence
s = s*, as claimed.

Now consider the cartesian square

D—5 X

By our assumption that xs is injective, this square is Tor-independent; since D
is in V, sg and s are transverse in V. Clearly sy is projective and s is an l.c.i.
-morphism, hence by (BM2)

8% 80s = 151",
Since s* = s, this shows that i.i* = & (L), as desired. O

PROPOSITION 5.1.12. Let S be a Cohen-Macaulay scheme, V an l.c.i. closed
admissible subcategory of Schg, and A, an oriented Borel-Moore homology theory
on V. Let X be an l.c.i. scheme over S, p: L — X a line bundle. Let s: X — L
be a section of L such that the subscheme i : E — X defined by s = 0 has pure
codimension one on X. Then

i(1p) = &1(L)(1x)
in AY(X).
PROOF. Since X is an l.c.i. scheme over S, X is also a Cohen-Macaulay scheme.
Thus s is a (local) non-zero divisor, hence F is also an l.c.i. scheme and the inclusion

i is a regular embedding. In particular, 15 = i*(1x). Also, since s is a non-zero
divisor, we may apply lemma 5.1.11, giving

c1(L)(1x) =i, (1" (1x)) = ix(1p),
as desired. [l
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5.1.4. Operational structure. Let A, be an oriented Borel-Moore homology
theory on some admissible subcategory V of Schg. For Y in Smg of pure dimension
dover S, let A"(Y) := Ag_n(Y). Since Y is smooth over S, the diagonal éy : Y —
Y xgY is a regular embedding, so we may define a product on A*(Y) by

a Uy b:=d5(a x D).

This makes A*(Y) into a commutative graded ring with unit 1y, natural with
respect to pull-back in Sm/S.
Similarly, for each morphism f: Z — Y in V, the graph

(Idz,f) A=A Xsy
is a regular embedding, and we may make A,(Z) into a graded A~*(Y")-module by
aNgb:=(Idg, f)*(bx a)

fora e A*(Y), be A(Z).
The following properties are easy to verify (see the proof of proposition 5.2.1
below for details on the projection formula (4)):

(5.1.2)
(1) For Y € Sm/S,
a MNidy b=aUy b
foralla € A, (Y), be A*(Y).
(2) For a composition W % Z LV in V with ¥ in Sm/S and g an l.c.i.
morphism, we have
aNgg g"(b) = g*(anyb)
fora e A*(Y), b€ A.(2).

(3) For a composition W 4 Z LV i V with f:Z — Y a morphism in
Sm/S, we have

aNggb=ang f*(b)
forae A*(Y), be A (W).

(4) For a composition W & Z LY in V with g projective and Y in Sm/S,
we have

g«(aNygg b) = any g.(b)
fora € A*(Y), b e A.(W).
(5) For f : Z — Y a morphism in V with Y in Sm/S, and L — Y a line
bundle, we have
a(f*L)(b) = ea(L)(1y) Ny b
for all b € A, (Z).

5.2. Other oriented theories

We relate the notion of oriented Borel-Moore homology to oriented cohomology
and oriented Borel-Moore weak homology.
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5.2.1. Oriented cohomology. Let V be an admissible subcategory of Schg. We
recall from definition 1.1.2 the notion of an oriented cohomology theory on V. In
general, an oriented cohomology theory on V is not equivalent to an oriented Borel-
Moore homology theory on V, but, as we shall see in this section, for ¥V = Smyg,
the two notions coincide.

Indeed, let A, be an oriented Borel-Moore homology theory on Smg, and
let A* be the theory A with cohomological grading: A™(X) = A,_dimsx (X) for
X — S smooth and of pure dimension over S; in general, one takes direct sums
over the connected components of X. The cup product on A*(X) was defined
in section 5.1.4. Conversely, if A* is a cohomology theory on Smg, let A, be A
with homological grading, A,,(X) = AdmsX=7(X) Define the external product of
a€ A (X), € AY) by ax p:=pj(a)Ups(B) € A(X xgY).

PrOPOSITION 5.2.1. The operations A, — A*, A* — A, give equivalences of
the category of oriented Borel-Moore homology theories on Smg with the category
of oriented cohomology theories on Smg.

PROOF. Suppose we are given an oriented Borel-Moore homology theory A.
on Smg. Since the external product is unital, commutative and associative, the
same is true for the cup product, where the unit is 1x := p% (1), px : X — S being
the structure morphism. Noting that each morphism X — Y in Smg is an lc.i.
morphism, axiom (BM1) defines A* as a functor from Smg to graded groups, and
axiom (BM3) shows that the cup product is functorial. Thus, A* is a commutative
ring valued functor on Smg.

To show that A* is an oriented cohomology theory on Smg, we need to show
that

(1) If f:Y — X is a projective morphism in Smg of relative dimension
d, then the push-forward f, : A*(Y) — A*~4(X) is A*(X)-linear (the
projection formula).

(2) For aline bundlep: L — X on X € Smg, the Chern class endomorphism
é1(L) : A*(X) — A*TH(X) is given by cup product with ¢;(L).

For (1), we have the commutative diagram, in which the square is cartesian:

Y Xsy
Y
Y (1d, ) YxsX
fJ{ J{fxld
X X x5 X.

Ox
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In addition, the maps f x Id and dx are transverse in Smg. Using axioms (BM1),
(BM2) and (BM3), we have

folaU f1(8)) = fu(63 (a x £7(B)))
= f«(6y o (Id x f)*(a x )
= feo (Id, f)"(ar x B)
=0% o (f xId).(a x B)
= 0x (fi(a) x )
= fila) U .

For (2), let s : X — L be the zero section. Then ¢;(L) = s*(s«(1x)) by
definition, while for n € A*(X),

(L) (n) == 5" (s«(n))

Similarly, given an oriented cohomology theory A* on Smg, the functor A,
on the projective morphisms of Smg evidently satisfies all the axioms of an ori-
ented Borel-Moore homology theory, with the possible exception of (BM2) for
push-forward and the axiom (CD). For the axiom (BM2), it suffices to show that
(f x Id)«(a x B) = fu(a) x (B for a projective morphism f: X’ — X in Smg; this
follows easily from the projection formula and (A2):

(f x1d)u(a x B) = (f x 1d).(p1 () Upz(8))

= (f x1d).(pi(e) U (f x 1d)"(p2(8)))
(projection formula) = (f x Id).(pi(a)) Up5(B)
(A2) = pi(f+(a)) Ups(B)

= fila) x B

For the axiom (CD), since V = Smg, the only choice for F (up to permuting
the factors in W := (PV)") is E = PN~1 x PV ... x PV. By repeated applications
of the projective bundle formula, A*(W) is the free A*(S)-module on the classes

T €00 < ny <N, where & = ¢1(pf(O(1))), and p; : W — PV is the ith
projection. Similarly, A*(E) is the free A*(S)-module on the classes £'* - ... £,

0<nm <N-1,0<n; <N,i=2,...,r, where fz is the restriction of & to E. Let
i : E — W be the inclusion, and let 15 be the unit in A*(F). By the projection
formula and lemma 5.2.3 below, we have

(& ) = (€ ) U )
M Uia(ln)
_ €n1+1 . é-nT.
Thus i, : A*(E) — A*TY(W) is injective, verifying (CD). O

REMARK 5.2.2. We have actually proved a bit more in proposition 5.2.1, in that
we never used the axiom (CD) in showing that an oriented Borel-Moore homology
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theory gives rise to a cohomology theory. In particular, for ¥V = Smg, the axiom
(CD) is a consequence of the other axioms.

5.2.2. Cohomology and weak cohomology. In this section, k is an arbitrary
field. We proceed to show that any oriented cohomology theory on Smy, defines an
oriented weak cohomology theory on Smy. Consider the following property (taken
from definition 2.2.1):

(Sect*). Let L — Y be a line bundle on some Y € Smg, s : Y — L a section trans-
verse to the zero-section (in Smg) and ¢ : D — Y the closed immersion
of the zero subscheme of s. Then

(L) =i.(1p).

LEMMA 5.2.3. Let S be a Cohen-Macaulay scheme and let A* be an oriented
cohomology theory on Smg. The property (Sect*) holds for A*.

PROOF. Let A, be the oriented Borel-Moore homology theory on Smg given
by proposition 5.2.1. By proposition 5.1.12, we have

c(L) = é(L)(ly) = i.(1p)

We now specialize to S = Speck.

PROPOSITION 5.2.4. Let k be a field and let A* be an oriented cohomology
theory on Smy,. Then A* defines an an oriented weak cohomology theory on Smy,
with first Chern class operator ¢1(L) given by

c1(L)(n) = er(L) Un.

PRrROOF. Let A* be an oriented cohomology theory on Smy. Changing to homo-
logical notation, we have by proposition 5.2.1 the oriented Borel-Moore homology
theory A, with ¢;(L)(n) = ¢1(L) Un. In particular, A, is an oriented Borel-Moore
functor with product, satisfying the axioms (PB) and (EH) of §4.1.1. We have just
shown in lemma 5.2.3 that A* satisfies (Sect*), hence A, satisfies (Sect). Thus by
lemma 4.1.3, A, satisfies the axiom (Nilp) of remark 2.2.3.

Next, we show that A, satisfies the axiom (Loc) of §4.1.1. For this, take
X € Smy, with line bundle L and a smooth closed subscheme ¢ : D — X such that
L admits a section s, transverse to the zero-section, with zero-locus contained in
D; we may suppose that D is the divisor of s. By (Sect*), ¢;(L) is cup product
with i.(1p), so for x € A*(X), we have

¢1(L)(z) = ix(1p) Uz = i, ("),

verifying (Loc) for A,.
Let Fa(u,v) € A.(k)[[u,v]] be the formal group law given by corollary 4.1.8.

To complete the proof, we need only show that A, satisfies the axiom (FGL) for
this group law. Since ¢ (L)(n) = ¢1(L) Un, we need to show that, for line bundles
L,MonY € Smy,

Fa(ei(L), e1(M)) = e (L ®@ M)
in AY(X). Since X is quasi-projective over k, we may use Jouanolou’s trick (and
axiom (EH)) to replace X with a smooth affine scheme over k. Thus we may
assume that L and M are globally generated on X, and so there are morphisms
f: X —>P"g: X — P"with L f*(y,), M = g*(7). The naturality of ¢;
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reduces us to the case X = P" x P™, L = pi(vyn), M = p5(vm), which is follows
from corollary 4.1.8. d

REMARK 5.2.5. Proposition 5.2.4 implies lemma 1.1.3, clearing up that bit of
unfinished business.

5.2.3. Weak homology theories. Fix a field k. In this section V will be an
admissible subcategory of Schy. We relate the notions of oriented Borel-Moore
homology and oriented Borel-Moore weak homology (see definition 4.1.9).

PROPOSITION 5.2.6. Let A, be an oriented Borel-Moore homology theory on V.
By restricting the pull-back maps f* to smooth quasi-projective morphisms f : Y —
X in V having pure relative dimension, A, defines an oriented Borel-Moore weak
homology theory on V, also denoted A..

PrROOF. We need to show (see remark 4.1.10(2)):

(1) Let L be a line bundle on some X € V. If f : ¥ — X is a smooth
morphism in V, then é& (f*L)o f* = f*o&(L). H f:Y — X is a
projective morphism in V, then f, o ¢1(f*L) = ¢1(L) o f..

(2) If L and M are line bundles on X € V, then ¢;(L)oé (M) = é(M)oéy(L).

(3) Let X and Y bein V, and L — X be a line bundle on X. For a € A,(X),
B e A (Y), we have

é(L)(a) x B = ci(piL)(a x B),
where p; : X X Y — X is the projection.

(4) A, has the structure of an oriented Borel-Moore L,-functor and the axioms
(Sect), (FGL) and (Loc) of definition 2.2.1 are valid for A,.

The property (1) follows easily from the functoriality of smooth pull-back
(BM1) and projective push-forward, plus axiom (BM2) applied to the transverse
cartesian diagram

Y%f*
f lfL
X ——L.

For (2), we have the transverse cartesian diagram

X —2 5

SI\lJ/ Jgju

M——L® M.
5L

Applying (BM2) and the functoriality of smooth pull-back and projective push-
forward, we have
¢1(M) o ¢ (L) = sy Sn«STSLx
= Sy SLEM«SLx
= S7.80 S LS M«
= ST.5L«S\SMx
= ¢1(L) o &1 (M).
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(3) is an easy consequence of (BM3).

For (4), we note that A, satisfies the axiom (Sect): Let p : ¥ — Speck be
in Smy, and let 1y = p*(1). Let L — Y be a line bundle on some Y € Smy,
s :Y — L a section transverse to the zero-section (in Smy) and ¢ : Z — Y the
closed immersion of the zero subscheme of s. Then

&1 (L) (1y) = in(12).
Indeed, by proposition 5.2.1, A, defines an oriented cohomology theory A* on Smy,
and by lemma 5.2.3, (Sect*) holds for A*. Since ¢;(L)(n) = e1(L)Un for L — X
a line bundle on X € Smy, and for n € A*(X) (see the proof of proposition 5.2.1),
it follows that (Sect) holds for A.. We note that, by lemma 4.1.3, A, satisfies the
axiom (Nilp).

To give the L,-structure and to verify (FGL), we need to show: there is a power
series Fia(u,v) € A, (k)[[u,v]] such that, given line bundles L and M on Y € Smy,
we have

Fa(éi(L),e1(M))(1y) = éi(L @ M)(1y).
Indeed, by the axiom (Nilp), the left-hand side of this equation makes sense; the
commutativity and associativity of tensor product, together with the vanishing of
¢1(Oy)(1y), imply that F4 is a formal group law, which yields the L,-structure.

Since, by proposition 5.2.1, the oriented Borel-Moore homology theory A,
restricted to Smy, defines an oriented cohomology theory on Smy, the existence of
F 4 satisfying axiom (FGL) follows from lemma 1.1.3 and proposition 5.2.4.

Finally, to prove (Loc), take X in V, L — X a line bundle, and s a section
of L such that s is transverse in V to the zero-section of L. Let i : D — X be
the zero-subscheme of s. In particular, s and the zero-section are Tor-independent,
which implies that s is a non-zero divisor on X. Also, D is in V. We may therefore
apply lemma 5.1.11 to yield the identity

& (L)(x) = i (i (z))
for all x € A.(X), proving (Loc). O

REMARK 5.2.7. One consequence of propositions 5.2.1 and 5.2.6 is that an
oriented cohomology theory A* on Smy gives rise to an oriented Borel-Moore weak
homology theory A, on Smy.

DEFINITION 5.2.8. Given an oriented Borel-Moore homology theory A, on some
admisible V C Schy, the oriented Borel-Moore weak homology theory it defines is
called the underlying one. Similarly, if A* is an oriented cohomology theory on
Smy,, the oriented Borel-Moore weak homology theory A, it defines is called the
underlying one.

Conversely, given an oriented Borel-Moore weak homology theory A, on V, we
say that A, admits a structure of an oriented Borel-Moore homology theory if there
is such a theory A, whose underlying oriented Borel-Moore weak homology theory
is A,. For V = Smy, we say that A, admits a structure of an oriented cohomology
theory if there is such a theory A* whose underlying oriented Borel-Moore weak
homology theory is A,.

REMARK 5.2.9 (Extended nilpotence and formal group law axioms). Let A,
be an oriented Borel-Moore homology theory. The axioms (Nilp) and (FGL) refer
only to identities satisfied by the first Chern class operators after evaluation on a
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fundamental class 1y for Y € Smg, so it is natural to ask if these identities are
satisfied as operators on all of A,(X). In fact, this is the case, at least for .S affine,
and X quasi-projective over S, or if X is itself affine (without restriction on 5); the
operator version of (Dim) is likewise satisfied for all affine X if S = Speck.

Indeed, we can use Jouanolou’s trick to replace X with an affine scheme X’
admitting a smooth quasi-projective morphism p : X’ — X such that p* : A,(X) —
A1 (X’) is an isomorphism. Thus, for a line bundle L on X, there is a morphism
f: X' — P for some n such that p*L = f*(0O(1)); in fact, we may take n to be the
Krull dimension dim X’ of X’. Using the properties (5.1.2) of the A~*(P™)-module
structure on A, (X’) given by f, we have

pr(a(L)(x)) = & (p"L)(p"(z)) = c1(O(1)) Ny p" ()
for all z € A,(X), where ¢1(O(1)) := ¢ (O(1))(1p=). Since ¢;(O(1))" T (1pn) = 0,
we see that ¢;(L)""! = 0. In particular, if X is itself affine, we have the identity

61(L)dimx+1 — O

for any line bundle L on X, where dimX is the Krull dimension of X; since dimX =
dim X for X of finite type over a field k, this verifes the operator version of (Dim)
in this case.
The identity
Fy(éi(L),é1(M)) = &1 (L@ M)
for L, M line bundles on X is proved similarly.

5.2.4. The axiom (CD). We conclude this section by showing that the axiom
(CD') of remark 5.1.7 implies the axiom (CD) of definition 5.1.3, and that the
axiom (CD’) is implied by a certain localization property. In this section, S is a

noetherian separated Cohen-Macaulay scheme and V is an admissible subcategory
of Schg.

LEMMA 5.2.10. Suppose V contains Lcig. Suppose we are given the data from
definition 5.1.8 (D1)-(D8) of an oriented Borel-Moore homology theory A, on V),
satisfying the axioms of definition 5.1.8, with the possible exception of the axiom
(CD), and suppose that A, satisfies the axiom (CD') of remark 5.1.7. Then A,
satisfies the axiom (CD).

PROOF. Let E be as in axiom (CD); Note that E is in Lcig, hence in V. We
may suppose that ny,...,n,, are non-zero and n,,+1,...,n, are all zero.

Let Xo,..., Xy be the standard homogeneous coordinates on PV, and let X ]1 =
pi(X;), where p; : W = (PN)" — PV is the ith projection.

We may thus write E..q as a strict normal crossing divisor F..q = 221 E;,
with

Ei =PV x.. . xPV"lx . . xPN c @),

with the PN~1 the linearly imbedded subspace of PV defined by X% = 0, i =
1,...,m.

By proposition 5.2.1 and remark 5.2.2, A, defines an oriented cohomology the-
ory A* on Smg; we have also shown in the proof of proposition 5.2.1 that

¢ (L)(n) = cr(L)Un
for L — Y aline bundle on ¥ € Smg and n € A,.(Y) = A*(Y). By lemma 5.2.3,
the property (Sect*) is valid for A*. Using these two properties, together with
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repeated applications of the axiom (PB), we see that A,(P™ X ... x P™r) is a
free A, (S)-module with basis the classes i, (1lpe1x . xpar), Where 0 < a; < n; for
1 < j <r, and where

1: P x ... x P P ox .. x P

is the subscheme defined by the vanishing of m; — a; coordinates le s j=1,...,r.
It follows from the axiom (Sect*) that the class %*(lpal ... xpar ) 18 independent of
the particular m; — a; coordinates chosen.

Using the standard cellular decomposition of each E;, we have a filtration of
E\cq satisfying the conditions of axiom (CD’), and with each of the “closed cells” of
the form of an imbedded product Pt x...xP?" in some E;, defined by the vanishing
of coordinates X as above. If a given product P%* x...xP% should occur twice, say
as a cell C in E; and another cell C’ in E;/, then botha; < N—1anday < N—1, so
there is a cell C” of the same type in E;NE;. Thusic.(lo) =icr«(ler) =ic(lor)
in A,(FE), where ic : C — E, icr, icr are the inclusions. Therefore, by axiom (CD’)
and our description of A,(F;) above, A,(E) is generated as an A,(S)-module by
the classes 7, (1pa1 x.xpar ), where

1P x ... xP" S F

is the composition of a map 7 followed by the inclusion E; — FE, and the indices
(a1,...,a,) run over all r-tuples with 0 < a; < N, j = 1,...,r, with at least one
index a; < N —1 for some i < m. Comparing this with the description of A, ((P")")
as a free A,(S)-module with basis %*(hpalx___x]par), 0<a; <N,i=1,...,7, we
see that the A, (S)-module generators for A.(E) described above are actually an
A, (S)-basis for A.(E), and therefore A,(E) is a summand of A.((PN)"), which
verifies the axiom (CD). O

LEMMA 5.2.11. Suppose we are given the data from definition 5.1.8 (D1)-(D3)
of an oriented Borel-Moore homology theory A, on Schg, satisfying the axioms of
definition 5.1.3, with the possible exception of the axiom (CD). Suppose that A,
satisfies the weak localization property (Loc') (see remark 4.1.1) for V = Schg:

Leti: Z — X be a closed immersion of finite type k-schemes with com-
plement j : U — X. Then the sequence

AlZ) 5 AUX) T ALD)
18 exact.
Then A, satisfies the aziom (CD') of remark 5.1.7.
PROOF. First take Z = Eyoq. Then U is the empty scheme, hence A, (Xyeq) —
A, (X) is surjective. Thus, it suffices to prove the axiom (CD’) for reduced E.

We proceed by noetherian induction. Take a filtration of E by closed sub-
schemes

)=E,CFE,C...CEN=FE
satisfying the conditions of axiom (CD’). By induction, the map

@iSNfl,jA*(Ei ) - A*(ENfl)

is surjective, where E;; is the closure of the irreducible component E?j of B;, i =
1,...,N—1.
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Let ESq,..., EY,, be the irreducible components of Ex \ En_1, and let Ey;
be the closure of EY;;. By assumption, each EY; is an affine space A7 over S and
each Fy; is smooth and quasi-projective over S. Let p: EFn; — S and p: E?Vj — S
be the structure morphisms, and let f : E?Vj — En; be the inclusion. We have the
commutative diagram

.
Au(Bxy) = 40,

SOF

AN, (S)
Since p* : A._n,(S) — A*(Ejovj) is an isomorphism by the homotopy property
(EH), it follows that f* : A, (Enj) — A*(ERU) is surjective. Letting i : En; — E
and f : Ejovj — E be the inclusions, we have f*i, = f*, by axiom (BM2). Thus the
restriction map
AE) = Ad(E\ En) = &1, A (EY))
is surjective.

Adding these surjectivities to our weak localization property, we have the exact
sequences

Au(BEn_1) = Ad(Ex) — @71 Au(EY;) — 0
A (En;NEn_1) — Au(En;) — Au(EY;) — 0
By an elementary diagram chase the map
®ijA«(Eij) = Au(EN)

is surjective, and the induction goes through. O






CHAPTER VI

Functoriality

In this chapter, we construct pull-back maps in 2, for l.c.i. morphisms, giving
Q, the structure of an oriented Borel-Moor homology theory. The basic idea is
to use Fulton’s method: first define the operation of intersection with a Cartier
divisor, then use the deformation to the normal bundle to extend tthis operation to
a pull-back map for a regular embedding. The case of a general 1.c.i. morphism f
is handled by factoring f as the composition of a regular embedding with a smooth
morphism.

Since the generators of {2, are built out of smooth k-schemes, we need to
modify Fulton’s program. As it is difficult in algebraic geometry to make two
maps transverse, we use instead resolution of singularites to modify a given Cartier
divisor to a strict normal crossing divisor. This leads us to the notion of “refined
cobordism” with respect to a fixed Cartier divisor D on some X, by restricting the
maps f:Y — X to those for which either f*D is a strict normal crossing divisor,
or f(Y) is contained in D. Fulton’s program works well for the refined groups
Q.(X)p, and we are left with proving a “moving lemma”, namely, that the map
0, (X)pQ(X) is an isomorphism. With this extra complication resolved, Fulton’s
method goes through to yield the desired l.c.i. pull-back.

We conclude in section 6.6 with a discussion of refined pull-back and refined
intersection product, following again the ideas and methods of Fulton [7, section
6].

6.1. Refined cobordism

As mentioned in the introduction to Chapter V, the main task remaining is
to construct functorial pull-back maps f* : Q*(X) — Q*(Y) for l.c.i. morphisms
f:Y — X in Schy; the method of “deformation to the normal bundle” leads us to
first consider the case of a divisor i : D — X. In fact, a more flexible notion, due
to Fulton [7], is that of a pseudo-divisor. In this section, we define a refined version
Q. (X)p of the cobordism group €,(X), when one has the extra data of a pseudo-
divisor D on X; Q,(X)p comes with a natural homomorphism Q. (X)p — Q. (X).
In the next section, we define intersection with a pseudo-divisor D

D(—) : (X)p — Q.(|D)).

We go on to prove the required properties of this product, most notably the
commutativity of intersection for two pseudo-divisors. For this, we will require the
auxiliary construction of groups Q.(X)p|ps, which we also give in this section. We
conclude the construction in §6.4 by proving a “moving lemma”, showing that the
homomorphism Q.(X)p — Q.(X) is an isomorphism.

131



132 VI. FUNCTORIALITY

6.1.1. Pseudo-divisors. Let X be a finite type k-scheme. Following Fulton [7],
a pseudo-divisor D on X is a triple D := (Z, L, s), where Z C X is a closed subset,
L is an invertible sheaf on X, and s is a section of £ on X, such that the subscheme
s = 0 has support contained in Z; we identify triples (Z, L, s), (Z, L', s') if there is an
isomorphism ¢ : £ — £’ with ' = ¢(s). In particular, having fixed £, the section s
is determined exactly up to a global unit on X. If we have a morphism f:Y — X,
we define f*(Z,L,s) := (f~1(2), f*L, f*s); clearly (fg)*(D) = g*(f*D) for a
pseudo-divisor D. Also, an effective Cartier divisor D on X uniquely determines a
pseudo-divisor (|D|, Ox (D), sp), where sp : Ox — Ox (D) is the canonical section
and |D] is the support of D.

We call Z the support of a pseudo-divisor D := (Z, L, s), and write Z = |D|.
Similarly, we call s the defining equation of D, and write s = eq.(D). We let
div(D) denote the subscheme s = 0, and write Ox (D) for £. If X is in Smy, if
|D| = |divD| and if this subset has codimension one on X, then we identify D with
the Cartier divisor divD.

The zero pseudo-divisor is (§, Ox, 1). If we have pseudo-divisors D = (Z, L, 5)
and D' = (Z',L£',s'),define D+ D' = (ZUZ' LR L' s® ).

REMARK 6.1.1. The main advantage of pseudo-divisors over Cartier divisors
is that one has the functorial pull-back D +— f*(D) for D a pseudo-divisor on
some X and f : Y — X an arbitrary mophism; this is of course not the case for
Cartier divisors. Even though we are mainly interested in defining the operation
of intersection with a Cartier divisor, we will need the added flexibility of pseudo-
divisors to handle the composition of two intersections, especially when the two
divisors involved have a common component.

6.1.2. The group Q.(X)p. Let X be a finite type k-scheme and D a pseudo-
divisor on X. We define the series of groups

Z.X)p—Z2,X)p = Q2.(X)p 2L, ®Q,(X)p — Qu(X)p
analogous to the sequence
Z.(X) = Z.(X) = Q.(X) = L. 8 Q,(X) — 2.(X)

used to define €2, (X) in Chapter II.

Let £ = ZZ:1 n; E; be an effective strict normal crossing on a scheme W € Smy,
with irreducible components F, ..., E,.. For each J C {1,...,7}, we have the face
Ej:=nNjesEy,
which is smooth over k and has codimension |J| on W. We call E reduced if all the

We recall from §2.1.1 that M(X) is the set of isomorphism classes of projective
morphisms f:Y — X, with Y in Smy, (where “isomorphism” means isomorphism
over X). M(X) is a monoid under disjoint union; we have the group completion
MT(X), which is the free abelian group on the isomorphism classes f : Y — X in
M(X) with Y irreducible.

Let M(X)p be the submonoid of M(X) generated by f : Y — X, with YV
irreducible, and with either f(Y) C |D|, or with divf*D a strict normal crossing
divisor on Y. We let M*(X)p be the group completion of M(X)p; M+ (X)p is
clearly a subgroup of M¥(X).

Recall from definition 2.1.6 the notion of a cobordism cycle over X, and the free
abelian group Z,(X) on the isomorphism classes of cobordism cycles, graded by
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giving (f: Y — X, Lq,...,L,) degree dim;Y —r. We let Z.(X)p be the subgroup
of Z,(X) generated by the cobordism cycles (f: Y — X, Lq,...,L,) withY — X
in M(X)D

DEFINITION 6.1.2. Let X be in Schy and D a pseudo-divisor on X. Let
(RP™)(X)p be the subgroup of Z,.(X)p generated by cobordism cycles of the
form

(f:Y =X, 7" (Ly),..., 7" (L), My, ..., My),
where 7 : Y — Z is a smooth quasi-projective morphism, Z is in Smyg, L1,..., L,
are line bundles on Z and r > dim;Z. We set

Z.(X)p = Z(X)p/(RZ"™)(X)p.
Just as for M(X), Z,(X) and Z,(X), we have functoriality for smooth quasi-
projective morphisms of relative dimension d, f : X’ — X:
T M(X)p = M(X') (D),
1 2dX)p = Zura(X') (),
[ 2.(X)p = Z, (X)),
and push-forward maps for projective morphisms f: X' — X:
Jo : M(X") p(py = M(X)p,
fe: Z2(X)p-(p) = Z2.(X)p,
fo: Z.(X )0y = Z2.(X)D.
Also, for L — X a line bundle on X, we have the Chern class endomorphism
é1(L): ZJ(X)p — Ze1(X)p,
defined as for Z,(X)
a(L)((f:Y =X, Ly,..., L) == (f:Y = X, Ly,..., Ly, f°L).
This descends to the locally nilpotent endomorphism
&1(L): 2.(X)p — Z,_,(X)p.
The operation of product over k defines external products
X: Z(X)p @ Z(X)p — Z(X x X" )DxxrUxxD"s

which descend to Z,(—)_, and have all the compatibilities with f., f* and é (L) as
for Z,(—) and Z,(—). All these operations are compatible with the corresponding
ones defined for Z,(—) and Z,(—), via the natural maps Z,(X)p — Z,(X) and
Z,(X)p — 2,(X).

6.1.3. Good position. We define various notions of “good position” of a divisor
FE with respect to a pseudo-divisor D.

DEFINITION 6.1.3. Let f: W — X be in M(X), with W irreducible, and let
FE be a strict normal crossing divisor on W. Let D be a pseudo-divisor on X. We
say that
(1) E is in good position with respect to D if, for each face E; of E, the
composition By — W — X is in M(X)p.
(2) E is in very good position with respect to D if either f(W) C |D|, or, if
not, £ + divf*D is a strict normal crossing divisor on W.
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(3) E is in general position with respect to D if E is in very good position
with respect to D and in addition, in case f(W) ¢ |D|, E and divf*D
have no common components.

We extend these notions to W not necessarily irreducible by imposing the appro-
priate condition on each component of W.

REMARKS 6.1.4. (1) It is easy to see that, for f: W — X in M(X) with strict
normal crossing divisor E, if E is in very good position, it is in good position with
respect to D.

(2)If f: W — X is in M(X)p, and £ is a very ample invertible sheaf on W,
it follows from the Bertini theorem that, for a general section s of £, the divisor of
s is in general position with respect to D.

DEFINITION 6.1.5. Let X be in Schy and D a pseudo-divisor on X. Let
(R2¢t)(X)p be the subgroup of Z,(X)p generated by elements of the form

[f:Y =X Li,...,L]—[foi:Z— X,i"(L1),...,i"(Ly—1)],

withr > 0, [f : Y — X, Ly,..., L] a cobordism cycle in Z,(X)p andi: Z =Y
the closed immersion of the subscheme defined by the vanishing of a transverse
section s : Y — L, such that Z is in very good position with respect to D.
We set
Q.(X)p = Z.(X)p/(RZ*‘)(X)p.

We have the evident natural map Q,(X)p — Q,(X). The operations f*, f.
and ¢ (L) descend to the quotient Q,(—)_ of Z,(—)_, and are compatible with
the corresponding operations on ,(—) via the natural maps Q,(X)p — Q,(X).
Similarly, the external products for Z,(—)_ descend to 2, (—)_, and these external
products are compatible with the external products on Q,(—).

As in §1.1, we let (Fp,L.) denote the universal formal group law; L, is the
Lazard ring and Fy, = F1(u,v) is a power series with coefficients in L.

If 71,7, : B — B are commuting locally nilpotent operators on an abelian
group B, and F(u,v) = Y7, ;a;ju'v’ is a power series with L.-coefficients, we have
the well-defined L,-linear operator F(T1,T%) : L. ® B — L, ® B defined by

F(Ty,T5)(a®b) := Y _ aay; @ T{(b)T3 (b).
,J
DEFINITION 6.1.6. For X in Schy, let (L,REL)(X)p be the L,-submodule
of L, ® 2,(X)p generated by elements of the form
(1d ® f.) (FL(e1(L), e1(M))(n) = e (L ® M)(n)),
where f 1Y — X is in M(X)p, L and M are line bundles on Y, and 7 is in
Q.(Y)¢p. We set
Q(X)p = L ® Q,(X)p/(LRIF)(X)p

The natural transformation Q, (X)p — Q,(X) descends to a natural L,-linear
transformation Q. (X)p — Q.(X). The structures we have defined for Q,(—)_: f*,
f+, €1(L) and external products, all descend to ,(—)—_, and are compatible with
the corresponding structures on Q. (—), via the natural transformation Q. (X)p —
Q. (X).
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If f:Y — X is an X-scheme, and D is a pseudo-divisor on X, we will often
write Q. (Y)p for Q.(Y)s+(py, and similarly for Q,(Y)p, etc.

6.1.4. Refined divisor classes. The operators
¢1(L) : Qu(X)p — Q1 (X)p

are locally nilpotent and commute with one another, thus, if we have line bundles
Ly,...,L, on X, and a power series F(uq,...,u,) with L,-coefficients, we have the
L,-linear endomorphism

F(El(Ll), N 751(Lr)) . Q*(X)D — Q*_l(X)D.

If f: W — X is in M(X)p, we have the element 15, = [Id : W — W] € Q.(W)p.
Given line bundles L,..., L, on W we set

[F(L1,...,L.)|p = F(é1(L1),...,é (L) (1R) € Q.(W)p.

We recall some notation from §3.1.1. Let ni,..., n, be positive integers. Let
Fmeomr he the power series with L-coefficients giving the sum in the universal
group law (Fr,L,):

T yeens Ny —
" (ul,...,ur)—nl-Fu1+F...+FnT~FuT.

We have as well the canonical decomposition

Fromr(yy oo uy) = Z uJE;Ll""’nr(ul,...,uT),
[l7]]=1

defining the power series [} ",

If £ = 2221 n; F; is a strict normal crossing divisor on a scheme W € Smy,
with support |E| := Ul_, E;, and irreducible components Ej,..., E,, we have de-
fined the divisor class [E — |E|] of Q.(|E|) by the formula

[E—IE]:= Y JF " Ow(E),....Ow(E)))).
J, 1J71]1=1

Suppose now that we have f : W — X in M(X), and a strict normal crossing
divisor F on W, such that E is in good position with respect to D. Write £ =
S niE;, with the E; irreducible.

Since the subscheme E” is in good position with respect to D for each J, the
morphism fo:” : B/ — X is in M(X)p, so we have the class

[F;Lhm’nr(OW(El)J, ey Ow(ET)J)]D S Q*(EJ)D,
giving the refined divisor class

[E— |Ellp =Y J[F; " (Ow(E1)’,...,0w(E)")]p
J
in Q.(|E|)p.
The properties of ¢;(L), [E — |E|] and .(X) proved in §2.3 and §3.1 carry
over without change to ¢ (L) (acting on Q.(X)p), [E — |E|]p and Q.(X)p.



136 VI. FUNCTORIALITY

6.1.5. A further refinement. In order to discuss issues of functoriality, it will
be necessary to make an extension of the above construction.

DEFINITION 6.1.7. Let X be a finite type k-scheme, with pseudo-divisors D,
D'. Let i : |D| — X be the inclusion. We let M(X)p|ps be the submonoid of
M(X)p generated by those f:Y — X, with YV irreducible, such that
(1) If f(Y) C |D|, then f: Y — |D| is in M(|D|)p:.
(2) If f(Y) ¢ |D|, then, for each face F of divf*D, the map f : FF — |D| is
in M(|D|)pr, i.e., divf*D is in good position with respect to D’.

DEFINITION 6.1.8. Let f: W — X be in M(X), and let E be a strict normal
crossing divisor on W. We say that E is in good position with respect to D| D’ if for
each face E’ of E, the composition

B Lw L x

is in M(X)D\D"

For f: W — X in M(X)p|p with W irreducible, we say that E is in very
good position with respect to D|D’ if E is in very good position with respect to D
and

(1) if f(W) C |D|, then E is in very good position with respect to D’
(2) if f(W) ¢ |D|, then for each face F of divf*D not contained in F, the
normal crossing divisor F' - E on F is in very good position with respect
to D'.
We say that E is in general position with respect to D|D" if E is in very good
position with respect to D|D’ and in general position with respect to D.

We extended these notions to reducible W by requiring the appropriate condi-

tion on each component of W.

REMARK 6.1.9. Suppose that W — X is in M(X)p|p/. If £ is a divisor on W,
in very good position with respect to D|D’, and E” is a face of E, then E’ is in
M(X)p|pr. Indeed, if f(W) C |D|, this is evident, and if f(W) ¢ |D|, then each
face Fi of the normal crossing divisor £ - divf*D on E” is of the form E” - F for
F a face of divf*D. Thus Ff is a face of the normal crossing divisor F' - E on F,
and hence Fgp — |D| is in M(|D|)ps. This shows that E/ — X is in M(X)p|ps, as
claimed. In other words, if F is in very good position with respect to D|D’, then
E is in good position with respect to D|D’.

Making the evident modifications to the constructions of the previous section,
we have the sequence of abelian groups

Z.(X)pjpr = Z2.(X)pipr — L.(X)p|pr — (X)) p|pr-

Explicitly, Z.(X)p|ps is the subgroup of Z,(X) generated by the cobordism
cycles (Y — X, Ly,...,Ly) with Y — X in M(X)pjpr. Let (RP"™)(X)p;p be
the subgroup generated by cobordism cycles of the form

(f:Y =X, 7"(L1),...,7" (L), My, ..., M),

where 7 : Y — Z is a smooth quasi-projective morphism, Z is in Smy, Ly,..., L,
are line bundles on Z and r > dimyZ. We let Z,(X)p|ps be the quotient group
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Z.(X)pip' /(RP"™)(X)pipr- 2.(X)ppr is the quotient of Z,(X)p|ps by the sub-
group (R5°°")(X)p|ps generated by elements of the form

(f:Y—=X,Ly,....L.)— (foi:Z— X,i"(L1),...,4"(Lr_1)),

with 7 > 0, (f : Y — X,Li,...,L;) a cobordism cycle in Z,(X)p|p, and i :
Z — Y the closed immersion of the subscheme defined by the vanishing of a
transverse section s : Y — L,, such that Z is in very good position with re-
spect to D|D’. Q.(X)p|pr is the quotient of L. ® Q,(X)p|ps by the L.-submodule
(L,RECLY(X)p|p generated by elements of the form

(1d ® f.) (FL(e1(L), e1(M))(n) = &1 (L ® M)(n)),
where f : Y — X is in M(X)p|p/, L and M are line bundles on Y, and 7 is in
Q.Y )ppipr-
Forgetting D’ defines in an evident manner the natural transformations
Z*(X)D|D’ - Z*(X)D’ Z*(X)D‘D/ _)Z*(X)D’

etc. The operations f*, fi, ¢ (L) and external products defined on Z.(X)p,
Z.(X)p, etc. have their evident refinements to Z.(X)p|p/, Z.(X)p|p’» L. (X)p|p
and Q. (X) p|p, satisfying the same structural relations, and compatible with the
operations on Z.(X)p, Z,(X)p, etc.

In particular, the operations ¢;(L) on Z,(X)p|pr and Q,(X)p|ps are locally
nilpotent and commute with one another, so the definition of Q.(X)p|ps makes
sense. Also, as for one pseudo-divisor, if we have an X-scheme f : Y — X, we
write M(Y)D\D’a Q*(Y)D\D’a etC., for M(Y)f*D|f*D’7 Q*(Y)f*DLf*D’? etc.

For f : W — X in M(X)p|ps, the identity map Idw : W — W is in

M(W)p|ps, giving the identity class 1VDV‘D/ € Q(W)ppr. Thus, if F(uy, ..., u,)is
a power series with L,-coefficients, and L4, ..., L, are line bundles on W, we have

the class
[F(Ly,..., L)y = F(é1(L1), - ., é (L) AP) € (W) py -

Therefore, given f : W — X in M(X) and a strict normal crossing divisor E =
Zle n; E; on W which is in good position with respect to D|D’, we have the class
of E, [E — |EHD|D’ S Q*(|E|)D\D’u defined by

[E— |Ellpp =Y (F " (Ow(E),...,0w(E))pip).
J, ||J]]=1

We recover the groups M(X)p, Q,(X)p, etc., as a special case by taking D’ to
be the 0 pseudo-divisor (§, Ox,1). Similarly, we recover M(X)p:, Q,(X)p, etc.,
by taking D = (X, Ox,0).

As above, the properties of Q,(X), Q.(X), Q.(X), &(L) and [E — |E|]
discussed in §2.3 and §3.1 carry over without change to Q. (X)p|p, Q*(X)D‘D/,
Q(X)pipr, €1(L) and [E — |E|]ppr. Also, as in §3.1, if £ is a strict normal
crossing divisor on some W, and f: W — X is in M(X)p|p/, we let [E — W]p p/
denote i, ([E — |E||p|ps), where i : |[E| — W is the inclusion.

REMARK 6.1.10. Let f : Y — X be in M(X)p|p/, with Y irreducible, and
suppose that f(Y) ¢ |D|. Then divf*D is a strict normal crossing divisor, in good
position with respect to D', so if F is an effective divisor on Y with f(|E|) C |D|,
then F is in good position with respect to D', hence the class [E — |E|]ps in
Q.(|E|)pr is defined.
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REMARK 6.1.11. Among the results of §3.1 that extend to Q.(X)p|p, we note
the analog of proposition 3.1.9: Let E be a strict normal crossing divisor on some
W € Smy. Let D, D’ be pseudo-divisors on W. Suppose that E is in good position
with respect to D|D’. Then

[E — W]p|pr = [Ow (E)]pp-
The proof is exactly the same as for proposition 3.1.9.

6.1.6. Some properties of Q,(X)p. In this section, we assume that k admits
resolution of singularities.

LEMMA 6.1.12. Let X be in Schy, and let D be a pseudo-divisor on X. Let
f:Y = X bein M(X)p, let i : F — Y be a closed subscheme of Y and let
uw: W — Y be a projective birational morphism. Suppose that the exceptional
divisor E of p is in very good position with respect to D and that u(|E|) C F. Then
there is an element oo € Q.. (F)p with

[fO,u,W—>X]D: [fY—>X]D+(fOZ)*(OZ) EQ*(X)D

PROOF. Since E is in very good position with respect to D, E is a strict
normal crossing divisor on W. We may replace X with Y, so Idy is in M(Y)p,
and we may suppose that Y is irreducible. If |D| = Y, then Q.(Y)p = Q.(Y),
Q. (F)p = Q. (F), and the result is proposition 3.2.4. Suppose |D| # Y. Then D is
a strict normal crossing divisor on Y. Since F is in very good position with respect
to D, E + p*D is a strict normal crossing divisor on W in particular, p: W — Y
is in M(Y)p, so [u: W — Y]p is defined.

We consider the deformation to the normal bundle, as in §3.2.1. Let Z C Y be
a closed subscheme supported in F' such that W — Y is the blow-up of Y along
Z,and let p/ : T" — Y x P! be the blow-up of Y x P! along Z x 0. Without loss
of generality, we may assume that F = Z,q. Let (F x P) C T’ be the proper
transform of F x P!, let (Y x 0) be the proper transform of Y x 0, and let E’ be
the exceptional divisor of p/. Let U = T\ (F x P') N E’. Then (by lemma 3.2.1)
U is smooth over k, U contains (Y x 0) and the induced morphism (Y x 0) — Y
is isomorphic to W — Y. In addition (see the proof of loc. cit.) U — Y is locally
isomorphic to pop, : W x Al — Y, and, in these coordinates, E'NU =Y is locally
isomorphic to pop; : Ex Al — Y and (Y x 0) C U is the subscheme W x 0. Thus,
(p"*(D xPY)+ E'+ (Y x 0))NU is a strict normal crossing divisor on U. Therefore,
by resolution of singularities, there is a projective birational morphism 7 : T — T”
which an isomorphism over U, such that the induced morphism p : T — Y x P!
satisfies:

(1) T—Y xPlisin M(Y x PY)p,
(2) Letting E C T be the exceptional divisor of p, p*(D x P') + E + (Y x 0)
is a strict normal crossing divisor on T’
Since p : T — Y x P! is an isomorphism away from Y x 0, p~}(Y x 1) is
isomorphic to Y. By (1) and (2) above, we have the classes [p*(Y x 1) — T]p and
[E+ (Y x 0) — T]p. Since E 4 (Y x 0) = p*(Y x 0), we have

(6.1.1) [0*(Y x 1) = T]p = [(p2 0 )" (Oe1(1))]p = [E+ (Y x 0) = T]p
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by remark 6.1.11. On the other hand, by definition of the divisor class [E+(Y x0) —
|E + (Y x 0)|]p, there is a class 8 € Q.(|F|)p such that

(6.1.2) [E+ (Y x0)— T]p =[(Y x0) = T)|p +i.(8),

where i : || — T is the inclusion.
Let p: T — Y be p; o u, and let p* : |E| — F be the map induced by p. Let
a = pf'(B). Applying the push-forward p. to the identity (6.1.2) and using (6.1.1)
yields
[[dylp =[f: W — Y]p +i.(a),
as desired. O

LEMMA 6.1.13. Let f : X — Z be a morphism in Schy with Z in Smy, and
let Ly, ..., L, be line bundles on Z with r > dimgZ. Let D be a pseudo-divisor on
X. Then the operator ¢1(f*Ly)o...o ¢ (f*L,) vanishes on Qu(X)p.

PROOF. We proceed by induction on dimZ. Since the operators ¢;(L) are
L,-linear and commute with each other, it suffices to show that the operator in
question vanishes on elements g : Y — X of M(X)p. Using the projection formula
reduces us to the case g = Idy, that is, it suffices to show that

(Idy, f*L1,...,f*L,) = 0in Q.(Y)p,

assuming Idy is in M(Y)p.

We may assume that Y is irreducible. Thus, either Y C |D|, or D is a strict
normal crossing divisor on Y. We give the proof in the second case; the proof in
the first case is essentially the same, but easier, and is left to the reader.

Using the formal group law, we reduce to the case of very ample line bundles
L; (see the proof of lemma 3.2.6).

If dimyZ = 0, all the line bundles are trivial, hence have a nowhere vanishing
section. We may then use the relations in (R7°“*)(Y)p|ps (for the empty divisor)
to conclude that (Idy, f*Ly,..., f*L,) = 0.

Suppose now that dimgZ > 0. Let s be a section of L,., chosen so that f*s
is not identically zero on Y. We may also assume that s = 0 is a smooth divisor
i:Z — Z on Z. Let H be the divisor of f*s with inclusion i : |[H| — Y, and let
f :|H| — Z be the induced morphism.

By resolution of singularities, there is a projective birational morphism g :
W — Y such that p*(H + D) is a strict normal crossing divisor on W, and with p
an isomorphism over Y\ |H|. By lemma 6.1.12, there is a class a € Q. (H)p with

[W — Y]D = [Idy}D + z*(a)

Since

Q(fT L) o o B (L) (@) = (@ (P L) o & (F (7 L)) (@),
our induction hypothesis implies that ¢;(f*L1) o...¢(f*L,)(ix(c)) = 0. Thus, it
suffices to show that ¢;(f*Lq) o...¢1(f*Ly)([W — Y]p) = 0. As this element is
just the push-forward of (W, (fu)*L1,...,(fu)*L,) by u, we may replace Y with
W changing notation, we may assume that H + D is a strict normal crossing divisor
onY.
By remark 6.1.11, we have the identity in Q.(Y)p

[H —Y]p =[Oy (H)]p = [f"L+|p.
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Thus
(Idy, f*Ly,..., f*L,)
=& (f*Ly)o...o&(f*Lr—1)([H — Y]p)
= (@@ L) oo @ (@ L) (H — [Hlp))

As this last element is zero by our induction hypothesis, the lemma is proved. O

6.2. Intersection with a pseudo-divisor

In this section and for the remainder of this chapter, we assume that k& admits
resolution of singularities, unless explicitly stated otherwise.

6.2.1. The intersection map on cobordism cycles. If L is a line bundle on a
k-scheme X with sheaf of sections £, we write é1 (L) for é (L).

Let D = (|D|,Ox (D), s) be a pseudo-divisor on X, let f : Y — X bein M(X)p
with Y irreducible, and consider a cobordism cycle  := (Y — X, L;,...,L,) in
Z.(X)p. We define the element D(n) € Q.(|D]) as follows: If f(Y) C |D], let
fP Y — |D| be the morphism induced by f. We have the element ¢ (f*Ox (D))(n)
in Q.(Y); we then define

D(n) == f(e1(f*Ox(D))(m) € Qu(| D).

If f(Y) ¢ |D|, then D := divf*D is a strict normal crossing divisor on Y. We let
fP :|D| — |D| be the restriction of f, LP the restriction of L; to |D|, and define

D(n) := f2(@(L{) o...0a(LY)([D — | D)) € Qu(|D]).

We extend this operation to a homomorphism D(—) : Z.(X)p — Q.(|D|) by
linearity.

Suppose we have a second pseudo-divisor D’ on X. We refine the above con-
struction to give, for each n € Z.(X)p|p/, a class D(n)p: in Q.(|D|)ps. For this,
take f : Y — X in M(X)p|p, with Y irreducible, and consider n = (Y —
X,Ly,...,L;). If f(Y) C |D|, then fP : Y — |D]is in M(|D|)p,. We may
thus set

D(n)pr = fP(&1(f*Ox(D))(n)),
giving a well-defined class in Q,(|D|)p. If f(Y) ¢ |D|, then D := divf*D is a
strict normal crossing divisor contained in f~*(|D’|). The condition that f is in
M(X)p|ps implies that D is in good position with respect to D’, hence the refined
divisor class [D — |D||ps € Q.(|D|)p: is defined. Letting f° : |D| — |D| be the
map induced by f, we then set

D(n)p = fP(@(L1) o...&(Ly)([D — |Dl]pr))
in Q*(|D|)DI
Extending by linearity defines D(n)p: in Q. (|D|)p: for each n € Z.(X)p|p-. If
we take D' = 0, then we recover the definitions for D(f) given above. We sometimes
omit the subscript D’ from the notation if the context makes the meaning clear.
The next two results follow directly from the definitions:

LEMMA 6.2.1. Let X be a finite type k-scheme, with pseudo-divisors D, D’.
Let g : X' — X be a morphism of finite type, and let gp : |g*D| — |D| be the
restriction of g.
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(1) Suppose that g is projective and let n be in Z.(X")pip:. Then g.n is in
Z*(X)D|D’7 and
9p«(9"D(n)pr) = D(g«n)p-
(2) Suppose that g is smooth and quasi-projective. Take n € Z.(X)p. Then
g n is in Z.(X)p, gp is smooth and quasi-projective, and
9p(D(n)p') = (9" D)(g"n)pr-

LEMMA 6.2.2. Let X be a finite type k-scheme, with pseudo-divisors D, D’.
Let n be in Z.(X)p|p, let L be a line bundle on X and let LP be the restriction
of L to D. Then

a(LP)(D(n)pr) = D@ (L)(n))pr-
We extend the operation D(—)ps to L. ® Z.(X)p|ps by Li-linearity. More
generally, let F'(uq,...,u,) be a power series with L,-coefficients, let Ly, ..., L, be

line bundles on X, and let f :Y — X be in M(X)p|p. Letting Fiy denote the
truncation of F after total degree N, we have, for all N > dim;Y and all m >0

D(Fn(é1(L1), .-, &(Lm))([f]) D/
= o (F DEN (S L)oo & (F L)) 17
= foe(EN @ (F L), (F L)) (DAY
= e (Fxsm@ (L), (F L)) (DY)
= D(Enim(e1(L1), ..., e1(Lm))([f])Dr-
Thus, for n € Z,.(X)p|p/, we may set
D(F(ei(L1), ... c1(Lm))(n)pr == ]\}EHOOD(FN(El(Ll)a~~~751(Lm))(77))D'7

as the limit is eventually constant.
With this definition, we may extend lemma 6.2.2 to power series in the Chern
class operators:

LEMMA 6.2.3. Let 1 be in Z.(X)ppr, let f2 :|f*D| — |D| be the restriction
of f and let i : |f*D| — Y be the inclusion. Let F(uq,...,u.) be a power series
with Ly -coefficients, and let L1, ..., L, be line bundles on Y. Then

D(fo([F(L1,-..,L)]pip) = FPF@ G Ly), ..., & (" L) (f*D)(157).
The next result requires a bit more work.

LEMMA 6.2.4. Let f: W — X be in M(X)p|p: and let Y — W be a smooth
codimension one closed subscheme of W. Suppose that Y is in general position
with respect to D|D'. Suppose further that W is irreducible and f(W) ¢ |D|. Let
fP :|f*D| — |D| be the morphism induced by f and let i : |f*D| — W be the
inclusion. Then

D(Y — X])pr = f2 (@ Ow (Y))([div./*D — [ f*D|]pr))-
PrOOF. Write D for divf*D. Let iy : Y — W denote the inclusion. Since
Y is in general position with respect to D|D’, Y — X is in M(X)p|p, i3-(D) is

a strict normal crossing divisor on Y and is in good position with respect to D'
Furthermore, D([Y — X])p- is by definition [i} (D) — |D|]p-.
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Write D = S | n; Dy, with each D; irreducible. We may write [D — |D|]p/

as a sum over the faces D’ of D,
D — |Dllp = S (1" (L], ..., L1,
J

where ./ : D7 — |l~)| is the inclusion, L; = OW(f)i) and L is the restriction of L;
to D”.

Since Y is in general position with respect to D, it follows that the intersection
Y7 := Y N DY is tranverse; since Y is in very good position with respect to D|D’,
the smooth codimension one subscheme ¥/ : Y/ — \ﬁ\ of D is in very good
position with respect to D', for each index J. Thus, the relations in (R3¢)(|D|) p/
imply that

e OwY))(D — |Dllpr) = Y o ([Fy " (L1, Ly o),
J

where (Y7 : Y7 — |D| is the inclusion, and LY’ is the restriction of L; to Y.
Letting i : [D|NY — |D| be the inclusion, the right-hand side above is clearly the
same as the class 7, ([i3-(D) — |D| N Y]p). Pushing this identity forward via fP
gives

D(Y — X))p: = [i3(D) — |D[|p
= 2([(D) — |Dllpr)
= fP@@ow () (D — |D|]p)).
O

6.2.2. Descent to Q.(X)p|p/. Let X be a finite type k-scheme with pseudo-
divisors D and D’. We proceed to show that intersection with a pseudo-divisor D
descends to a homomorphism D(—)p/ : Q.(X)p|pr — Q_1(|D|)pr.

LEMMA 6.2.5. Let f : Y — X a projective morphism in M(X)p|p, and let
Ly,...,L, be line bundles on'Y with r > dimyY. Then

D((Y _)XaLla-“aLr))D’ =0
mn Q*_1(|D|)D/.

PRrROOF. We may suppose Y to be irreducible. Write D for f*D, and let fP :
|divD| — |D| be the restriction of f. Using lemmas 6.2.1 and 6.2.2, we have

D((f:Y = X.Li,....L))p = fP(&1(L1) o ... 0 &1 (L) (D(PP))).
If (V) C |D|, then DY) = &,(0y (D)) (12P"), and thus
&1(L1) o ... 08 (L) (DARPY) = (1dy, Ly, ..., Ly, Oy (D)) = 0
in Z,(Y)p. If f(Y) ¢ |D|, then D(l}D,lD/)) is a sum of terms of the form
a- ] (D7, My, ..., M,)),

with a € Q.(k), v’ : D’ — Y the inclusion of a face of D, and the M; line bundles
on D7. Thus é(Ly)o...0 El(LT)(ﬁ(lelD )) is a sum of terms of the form

a-u](D7,My,... ., M, Ly, ... .."* L))
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Since each face D’ has dimension < dimY’, the terms
(D7 My, ..., Mg, "*Ly,...,.7*L,)
vanish in Q,(D”)ps (use the relations (RP7)(D”)p,), whence the result. O

LEMMA 6.2.6. Take X in Smy, D' a pseudo-divisor on X. Let Zi, Zo be
smooth disjoint divisors on X, in good position with respect to D’.

(1) Then
&1 (0x(Z1)) 0 &1(0x(Z))(1% ) = 0
(2) Let D be a strict normal crossing divisor on X, in good position with

respect to D', i : |D| — X the inclusion. Suppose that Zy and Zy are both
in very good position with respect to D|D’. Then

¢1(1"Ox (Z1)) 0 &1(i*Ox (Z2))([D — [D|]pr) = 0
in Q. (|D])pr.
PRrOOF. For each J, write D’ as a disjoint union of irreducible components,
D’ =11;D]
and let v : DY — |D|, i : D — X be the inclusions. Write D = Y_7_; n;D;, and
let ny; = L}-]*(El(i'jf*OX(Zl)) o él(i'].]*OX(ZQ))(lg;J)). Then
&1 (i*Ox(Z1)) 0 &1(i" Ox (Z2))([D — | D] )
= Y EP (@i Ox (D)), - &1 Ox (D)) ().
J,j
If D}»’ is not contained in Z; U Z5, then Z; N D}’ and Zs N D}»] are smooth disjoint
divisors on Dy, in good position with respect to D’. Thus (2) follows from (1) in this
case. If D is contained in say Z1, then DY NZy = ), and é (if*OX(Zg))(IB;,)) =0,
using the relations (R°“*)(D”)p|p in the case of an empty divisor, so (2) follows

in this case as well.
For (1), let ij : Z; — X be the inclusion. We have

&1(0x(21)) 0 21(0x(22))(1X ) = @1(i30x(21))(13,)
= (02,))(12))
=0
using (R2°)(Zy)pr, again in the case of an empty divisor. O
Finally, we need a strengthening of lemma 6.2.4.

LEMMA 6.2.7. Let W be in Smy, and irreducible. Let iy :' Y — W be an
wrreducible codimension one closed subscheme, smooth over k. Let D, D’ be pseudo-
divisors on W such that W # |D| and let ip : |D| — W be the inclusion. Suppose
that Y + D s a strict normal crossing divisor on W, in very good position with
respect to D’. Then
(6.2.1) D([Y — W])p: = &(ipOw (Y))([D — |Dl]p)
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PrOOF. The condition that Y + D is a strict normal crossing divisor, in very
good position with respect to D’ implies that iy : Y — W is in M(W)p,ps, and
that D is in good position with respect to D’. Thus, all the terms in (6.2.1) are
defined.

In case Y is not a component of D, Y is in general position with respect to
D|D’, so the result follows from lemma 6.2.4.

In what follows, we use the following notation to keep track of where the various
cycle classes are located: Let Lq,..., L, be line bundles on some T' € Smy, and
F(uy,...,ur) € Qu(k)[[u1,-..,ur]] a power series. We write [T; F(Ly,..., L,)] for
[F(L1,...,L.)] € Q.(T).

Now suppose that Y is a component of D. Write D = > | n; D;, with Y = D;.
Let ty : Y — |D|,n’ : D/nY - Y, 7/ :D/nYy - D’ i{ . D'nYy — W,
1! D7 — |D| and i/ : D/ — W be the inclusions. Since

Ny pULFF A+ E Ny E Uy = F (g, uy)

= ZUJF}”"“’"’" (Ulyeevy Um),
7

we have

&(Ow (D)) = Y & (Ow(D.)) Fs(e1(Ow (D1)), - .., &1(Ow (D)),
J

where Fj := Fyv " Also, if J = (j1,...,Jm), then
&1 (0w (Dy))” =& (Ow(D1))7 o... 0 (Ow(Dy,)) ™.
Since we therefore have
D([Y = W])pr = &(ipOw (D))([Y — [D]])

- Z Ly x (El(Z;OW(D*))J([Ya FJ(Z;OW(Dl)v te 7i§/OW(D’rn))]D')));
J

& (ipOw (Y))([D — [Dllpr)

= 3" (@ Ow (Y )(Ds Fy(i7*Ow (D), ... i Ow (D)) 1)),
J

it suffices to prove that

= 1y« (€115 0w (D)) ([Y; Fs (i3:Ow (D), . .. .75 Ow (D)) 1))
in Q.(|D|)pr, for each index J.

Suppose that D7 is not contained in Y. Since Y + D is a strict normal crossing
divisor, the intersection Y N DY is transverse. By symmetry, we may assume that
J=(1,...,1,0,...,0), with say s 1’s. Applying the relations (R5°*) p/ repeatedly,
we see that

& (153 Ow (DY) (Y Fy (5 Ow (D1), - . ., i5Ow (D)) )
= 77;][Y N DJ; FJ(lL}]’*OW(Dl)a cee 7i1‘1/*OW(Dm))]D"
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Applying the same relations to the divisor Y N D7 on D”, we have
7/[Y 0 D7 Fi(iy*Ow (D), . .., i3 Ow (D) v
=& (@ 0w (V) ([Y; Es (470w (D1), ..., i”*Ow (D)) pr)-
Jgd

Since ¢! o 7/ = 1y, on, these two identities yield the equality (6.2.2) in this case.

In case D” is contained in Y = Dy, then J = (1,j2,...,jm). Letting J =
(0,72, ...,7m), we have D7 =Y N D7 and D" is not contained in Y. Suppose
that J' # (0,...,0). By the same argument as above, we have

(@@ ow () (DT Fy (07 Ow (Dy), ..., i7 " Ow (D))l 1))
= 1y, (€105, Ow (D))" ([V; Fy (i, Ow (D1), . . ., i Ow (D)) 1))

in Q.(|D|)pr. Letting 7 : D7 — D’" be the inclusion, the relations (R5¢°*) p, yield
the identity

& ow (Y))([DY; Fy(i”*Ow(Dy),. .., i"* Ow (D)) o)
= i.[D?; Fy(i”*Ow (Dy),...,i"*Ow (Dw))] pr
in Q.(D7")pr. Thus,
(@7 Ow (Y)([D7; Fs(i”*Ow (D), .. )lpr))
=i/ (&7 0w (V))2(ID”"; Fy (i7" Ow ( 1)--)]p7))

&(ipow () (e (@G Ow (W)([DT; Fy(i7*Ow (Dy), .. )| p)))
&1 (i 0w (V) (ty« (@1 (i3 Ow (D.)) ([ Fy(iy:Ow (D), ..)]p)))
= 1wy (6155 0w (D) ([Y; Fs (i3 Ow (D1), . )] b)),

verifying (6.2.2). If J' = (0,...,0), then J = (1,0,...,0), D/ = D; =Y and
Hy(uy,...,up) =nq. Thus in Q ( )p’, we have
Y Fs(é1(iy Ow (D1)), - - ., iy Ow (D1)))] pr
=ny- 1§D//

= [D?; F;(i”*Ow (Dy), . .., i"*Ow (D)) .

Similarly, & (i”*Ow (D.))” = & (i3 Ow (Y)), which yields (6.2.2). This finishes the
proof. ([

We now show that D(—)ps descends to 2.(X)p|ps in a series of steps.

Step 1: The descent to Z,(X)p|p. Let 7 : Y — Z be a smooth morphism with Z
and Y in Smy, Lq,..., L, line bundles on Z with r > dimyZ, and f : Y — X a pro-
jective morphism in M(X)p|ps, with Y irreducible. Using lemmas 6.2.1 and 6.2.2,
it suffices to show that (f*D)(Idy,n*Ly,...,7*L,)p =0 in Q,(|f*D|)p:. Chang-
ing notation, we may assume that X =Y, and that either D is a strict normal cross-
ing divisor on Y, or |[D| =Y. We need to show that D(Idy,7n*Ly,...,7*L,)p =0
in Q*(|D|)DI
If |[D| =Y, then

D(Idy,ﬂ'*Ll, FN ,W*LT)D/ = 51(Oy(D))(Idy,7T*L1, . .,T&'*Lr)
= (Idy,n*L4,...,7*L,, Oy (D)),
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which is zero in Q. (|D|)pr = Q.(Y)pr by the relations (RP™)(Y)p.
If D is a strict normal crossing divisor on Y, with inclusion i : |D| — Y, then
DIdy,n*Ly,..., 7" Ly)pr = ¢1((moi)*Ly)o...0¢((woi)*L.)([D — |D||p).
To see that this class vanishes, apply lemma 6.1.13 to 7o i : |D| — Z.
Step 2: The descent to Q,(X)pp. Let f:Y — X be in M(X)p|p/, and let
Z —'Y be a codimension one smooth closed subscheme in very good position with
respect to D|D’. Let i : |D| — Y be the inclusion. We may suppose that Y is

irreducible. As in step I, we reduce to the case X = Y. Also, it suffices to show
that

D([Oy(Z)lpip)pr = D([Z = Y])pr
Write the divisor Z as a sum Z = Y|, Z;,. Since Z is smooth, we have
ZiNZj=0fori+#j. Let 2/ =Y. _,Z;. Using lemma 6.2.2 and the relations
<R5GL>(|DDD/’ we have
D([0y(Z)|pjp)pr = D& (O (2)) (15" )
= & (" 0y (2))(D(1Y" ) )
= FL(& 0y (21)), &0y (Z D)D) ).

Suppose that Y # |D|, so divD is a strict normal crossing divisor in good
position with respect to D’. Since FL(u,v) = u+v+ Zi,j>1 a;;u'v?, it follows from
lemma 6.2.6 that

Fu(&1(i*0y (Z1)), & (" Oy (Z')) (DD ) 1)
& (i Oy (Z0)) (D) b)) + & (17 Oy () (D) )
= D([Oy(Z1)]pip)p + D([Ov(Z")]p|p ) -

Thus, by induction, we have

D([Oy(Z)|p|p')p = ZD Oy (Zi)]pjp') D

It Y = |D|, then D(12”") p, = & (0y (D))(12'), and

&1(0y(Z:)) 0 &1 (0v(Z;)(12) =0

by lemma 6.2.6(1). Since [Z — Y|p = >,[Z; — Y|p/, we reduce to the case of an
irreducible Z.

If Z ¢ |D|, then Z is in general position with respect to D. Using lemma 6.2.2
and lemma 6.2.4, we have

DOy (Z)|pjp)pr = &0y (2)) (DY)
= &1(i"Oy (2))([D — [Dl]pr)
=D([Z—=Y])p,
as desired. If Z C |D|, then the same argument, using lemma 6.2.7 in place of

lemma 6.2.4, yields the desired identity.

Step 3: The descent to Q.(X)ppr. Let f:Y — X be in M(X)p|p- and let L
and M be line bundles on Y. It suffices to show that

D([FL(L, M)])pr = D([L ® M])pr
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For this, let D = f*D, let fP :|D| — |D| be the morphism induced by f and let i :
|D| — Y be the inclusion. Using the relations (RESE)(|f*D|)ps and lemma 6.2.3,
we have

D([F(L, M) pr = D(FL(& (L), & (M) (12'7")
= [P(FL@ L), & (M) (DAP))
= fP@ (Lo M) (DY)
= D([L ® M])pr,
which finishes the descent to €.(X)p|p-.

6.3. Intersection with a pseudo-divisor II
We establish two basic properties of the operation D(—)pr.

6.3.1. Commutativity. The first important property is the commutativity of
intersection. We begin with some preliminary results.

LEMMA 6.3.1. Let D and D' be pseudo-divisors on some finite type k-scheme
X, and let i : |[D| — X be the inclusion. Then, for n € Q.(X)p|p/, i+(D(n)pr) =
&1(0x (D)) () in 0 (X)pr.

Proor. It suffices to consider the case of n = [f : ¥ — X] for some f €
M(X)p|pr, with Y irreducible. If f(Y) C |DJ, then D(f) = ¢1(i*Ox(D))([Y —
|D|]ps), from which the desired formula follows directly. If f(Y) ¢ |D|, then
D(f) = fP([f*D — |f*D||p’), where fP : |f*D| — |D| is the map induced by f.
By remark 6.1.11, we have [f*D — Y]|p = & (Oy (f*D))(12"). Thus

i(D(f)) = f([f"D = Y]pr)
= [(@(fox(D))(1))
= a(0x(D))(f)-

Write FL(u,v) = u + v + woFi1(u,v). Let G11(u,v) = vFi1(u,v).

LEMMA 6.3.2. Let D, D’ be pseudo-divisors on W € Smy. Suppose that D
is a strict normal crossing divisor, in good position with respect to D'. Write
D = Do+ Dy, with Dy > 0, Dy > 0 and Dy smooth. Leti : |D| — W be the
inclusion.

(1) We have the identity
[D — |Dllpr = [Do — [D[]pr + [D1 — |Dl|p:
+ G (€1 (i Ow (D1)), &1 (i"Ow (Do)))([D1 — [ Dl o).

(2) Let f Y — W be in M(W)D|D’ N M(W)DO\D’ N M(W)D1|D’~ Let
i |f*Do|l — |f*D|, i¥ : |f*D1| — |f*D| be the inclusions, and let
f:|f*Dy| — W be the induced morphism. Suppose that'Y is irreducible
and either f(Y) C |D1] or f*D;y is a smooth divisor on'Y. Then

(F D) ) o = i (Do) (17 ) o) + L ((f D) (1) o)+
Y, (Gu1 (&1(f*Ow (D1)), & (f*Ow (Do) big)(f*D1)(12"P ) b))
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PRrROOF. For the second assertion, suppose first that f(Y) C |D|. Let i : |D| —
W be the inclusion. Then by definition

(FD) (17" ) pr = & Oy (£ D) (12).
Since D = Dy + D4, we have
¢1(Oy (f*D)) = FL(¢1(Oy (f*Dn)), &1 (Oy (f* Do))
= ¢c1(Oy (f*D1)) + c1(Oy (f* Dy))
+ ¢ (Oy (f*D1))G11(¢1(Oy (f*D1)), 1 (Oy (f*Do)).

By lemma 6.3.1, i, ((f*D )(15'”)0,):51(oy(f*pj))(1$’),j=0,1. Thus
(S D)) o = i (£ Do) 12 o) + Y (F DAY ) )
+&(0y (f*D1)) 0 Gi1 (&1 (f*Ow (D1)), & (f*Ow (D)) (12).

Using lemma 6.3.1 again, we have

&1(f*Ow(D1)) 0 G11(&1(f*Ow (D1)), &1(f*Ow (D)) (1)
= G (&1 (f*Ow(D1)), &1 (f*Ow (D)) (¢1(Oy (f7D1))(12))
= ¥, (Gui (@ (f*Ow (D1)), & (F* Ow (Do) ((1*D1)(127))).

This verfies the second assertion in this case.
If f(Y) ¢ |D|, the second assertion is a consequence of the first. Indeed, in this
case, f*D is a strict normal crossing divisor on Y, in good position with respect to

D’ and thus (f*D)(lelD/) is [f*D — |f*D|]ps. Thus, applying the first assertion
to f*D = f*Dy + f*D;, we have
(D)) = D — 1Dl
=ig.[f*Do — | f*Dollpr + ix.[f* D1 — | f* D1l pr
+i}, (Gu (& (i50y (f7 D1)), &(i1 0y (f* Do) ([f* D1 — | £* Dil]p))
= 8. (Do (17" ) o) + (D1 (177 )

+ i} (G (@ (F 0w (Dh), & (F* Ow (Do) (D1 (1717 ) ).
To prove (1), we first reduce to the case of irreducible D;. Write Dy =
FE1 + D11, with By > 0 and Dp; irreducible. Since D;; and E; are disjoint,
61(2'*DMOW(E1))([D11 — |D11]]p’) = 0. Thus
G11(&1(Ow (D11)), é1(Ow (Do + En))([D11 — |Duillpr)
= G11(&1(Ow (Dn1)), FL(&1(Ow (Do), ¢1(E1)))([D11 — [D1l]pr)
= G11(¢1(Ow (D11)), &1 (Ow (Do))([D11 — |D11llp)

(we omit the pull-back of the line bundles here and for the remainder of the argu-
ment to simplify the notation). Similarly,

G11(&1(Ow (E1 4+ D11)), &1 (Ow (Do)))([D1 — |Dl]pr)
= G11(¢1(Ow (E1)) + &1 (Ow (D11)), &1 (Ow (Do)))([D1 — |Dl]p)
= G11(&1(Ow (E1), &1 (Ow (Do) ([Er — |Dllpr)
+ G11(¢1(Ow (D11), 1 (Ow (Do) ([D11 — D] pr),
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using lemma 6.2.6. With these formulas, one easily shows that (1) for the de-
compositions E = Dy + E1, D = E + Dy; and Dy = FE; + Dy implies (1) for
D = Dy + D;.
‘We now assume D irreducible. Write D = 2211 n;D;, with the D; irreducible.
For each face D’ of D properly contained in Dy, let i{ : D/ — Dy be the inclusion.
Let F,, denote the n-fold sum in the formal group (Fp,L.). The identity
Fr(u1, Fo—1(ug, ... uy)) = Fp(ug, ..., uy,) gives us the identity

ZuJFj;'l"”’nm (ul, ... ,um) =u +V + U1VF11(U1, V)

where
Vo {F"ll"“’”m(ul,...,um) ifng > 1,
Frzemm (yg oy Uy) if ng = 1.
Thus
vV {ZJ, J/Fm_1 M2 () Uy Uy) i g > 1
> u’ FJ, """ " (Ugy ey Uy if ng =1,
where )~ ;, is over all faces of Dy.
We write F(OOTZ?”) (w1, U2, . .., Uy) for F{;z ;“) (ug, ..., upy) and set F&T’ JT’ZL)’" =
0if j; #0.
Write w1V Fy1(ug, V) = ulGH(ul, V') as the sum
wVFy(ug,V Zu Fr(uy, ... um),

where the sum is over all indices K = (lfl7 cosky) with 0 < k; < 1, kp = 1 (if
ny =1 Fj =0 unless ), k; > 2). Note that

(631) G11 ul, ZUK 1F/

where K — 1 := (0, ks,...,ky,). For each index K = (1,ka,...,k,), we have
FR™m (ug ) = Fp 020 (g ) Fre (U )
Refering to the definition of [D — |D|]ps, and noting that
V(&1 (O(D1)), -, &(O(Dm))) = &1(0(Do)),

we thus need to show

(6.3.2) Z EF(@(0(Dy),.... &1 (0(D)))(155)

= G (&(0(D1)), & (O(Do)))([D1 — |[Dl]pr),

where Z/K means the sum over all K = (1,ko,...,ky) if ny > 1, and with the
added restriction that ) . k; >> 2 if ny = 1.
For each K = (1, ka, ..., kpn), let

1 (O(D)) K =, (0O(D2))*2 0 -+ 0, (O(Dyy))*m.

By repeated applications of the relations (Rf“t> p’, we have

i (Fyc(@(0(D1)),- .., &1(0(Dm)))(155))
= (F}(&1(0(D1)), ..., &1(0(Dm))) 0 &1 (0(D,)) K1) (18)).
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K

*

S (R @(0(D)). ... &1(0(D)) (155))

Thus, as (& =iy, 04 the relation (6.3.1) implies

K
= > 1 (@ (O(D) T i@ (0(D1), ., &1 (0(Dw))(15,)
K
= i1, (G (& (0(D1)), V(&(O(Dh)), - ., &1 (0(Dm))) (15,))
= G11(¢1(0(D1)), €1(O(Do)))([D1 — |D|]pr).
This verifies the identity (6.3.2), completing the proof. |

PROPOSITION 6.3.3 (Commutativity). Let D” be a pseudo-divisor on a finite
type k-scheme X. Let f : T — X be in M(X), and let D, D' be pseudo-divisors
on T. Suppose that

(1) D+ D’ is a strict normal crossing divisor on T.
(2) D is in good position with respect to D'|D".
(3) D’ is in good position with respect to D|D".
Letip : |D| — T and ip: : |D'| = T be the inclusions. Then
(ip D)D" — |D'[|pjpr)pr = (ipD')([D — |Dl]prpr) pr
m Q*(|D| n ‘D/DD//.

PrROOF. Write D = Zz n;D; with each D; irreducible, and similarly D’ =

>_;m;Dj. We show more generally that

(ip E)([E" — |E'|ppr)pr = (ipE)([E — |El]p/pr) D
in Q.(|E| N |E’|) for all divisors 0 < E < D, 0< E' < D';if E =), m;D; and
E' =%, m;D’, we may proceed by induction on m =}, m; and m’ := 3, m;.

Suppose m = m/ = 1; we may suppose E = Dy and E' = D). If Dy # D/, then
Dy and D intersect transversely and (i}, D1)([D1 — |D1|]p/|p»)p» is the element
15, py i Qu(ID1| N[ DY) pr, as is (i3, D1)([Df — [Dillpjp#)pr. If D1 = D, then
Dy ([D} — |Di|lp|p»)p» and D ([D1 — |D1|]p/p~)pr are obviously the same in
Q.(|D1| N D7) prr-

In the general case, we may assume that D; is a component of E. Let Fy =
E — D;. By symmetry, it suffices to induct on m and assume the result for the
pairs Ey, E' and D1, E’. Thus

(ig Eo)([E" — |E'|ps+pr) = (i3, E)([Eo — |Eollp/p) D7
in Q.(|Eo| N[E'|)pr and

(i D )([E" — |E']pjp+) o = (i, E')([D1 — [D1llpr ) o
in Q*(|D1| N |E/DD”-

The divisor class [E' — |E'|]p|p~ is an €, (k)-linear combination of maps of
the form g : Y — |E'|, with g(Y) C |D1|, or g*(D;) smooth, so we may apply
lemma 6.3.2(2) to give

(ip E)[E" — |E']pjpr)pr =
i+ (1 Eo)([E" — |E'|| ppr) p) + i1 (i D1)([E" — |E'|]pjpr) o)
+ 014 (G11(€1(Ow (Dy)), &1 (Ow (Eo))) (i D1) ([E" — |E'||pjpr) D),
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where ig : |Ep| N |E'| — |E|N|E'|, i1 : |D1| N |E'| — |E| N |E’| are the inclusions.
Using our induction hypothesis, together with lemma 6.2.3, we have the identity in
Q. (|E N E) o
(i E)([E — |E/HD|D”)D”
= (ipE")([Eo — |Ellp/pr)pr + (ixE)([D1 — |El]prp7) D7
+ G11(61(Ow (D1)), &1(Ow (E0))) (i E")([D1 — |Ellp/jp7) D7)
= (ipE")([Eo — |Ellp/ip»)pr + (i5E')([D1 — |El]prjpr) D
+ (15E") (G11(61(Ow (D1)), &1(Ow (Eo)))([D1 — |El]p/pr)) D
= (igE')([Eo — |Ellp|pr + [D1 — |E|lprpr
+ G11(¢1(Ow (D)), é1(Ow (Eo)))([D1 — |E”D/|D“))D~
= (ixE")([E = |Ellp/p») D
the last identity following from lemma 6.3.2(1). O

6.3.2. Linear equivalent pseudo-divisors. We show how to relate the opera-
tions Do(—)p and Di(—)p for linearly equivalent pseudo-divisors Dy and D;.

PROPOSITION 6.3.4. Let W be in Smy,, with pseudo-divisors Dy, Dy and D,
such that Ow (Dyg) = Ow (D1). Let ij : |Dj| — W be the inclusion, j =0, 1.

(1) Letn be in Z.(W)p,p, j=0,1. Then
i0«(Do(n)p) = i1«(D1(n)p)

(2) Let E be a strict normal crossing divisor on W, in good position with
respect to D;|D, j =0,1. Then

i0+(Do([E — |Ellpyp)p) = i1+(D1([E — |Ellp,1p)D)

PrROOF. Clearly (2) is a special case of (1). To prove (1), the operations D;(—)
are compatible with the Chern class operators ¢;(L). Thus, it suffice to prove (1)
for the case of f: Y — W in M(W)p,p, j = 0,1. Using lemma 6.2.1, we reduce
to the case Y = W, f =1d. But by lemma 6.3.1

in«(Do(13*"”)p) = [Ow (Do)p = [Ow (D) = i1 (D1(19}'P) ).

6.4. A moving lemma
The next step is to show that the canonical map Q.(X)p — Q.(X) is an

isomorphism.

6.4.1. Distinguished liftings. Given a finite type k-scheme X with a pseudo-
divisor D, we give a method for lifting elements of Z,(X) to Q.(X)p

LEMMA 6.4.1. Let Y be in Smy, and let D be an effective divisor on'Y. Then
there is a projective birational morphism p: W — Y x P!, with W € Smy, such
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that
(6.4.1)

(1) The fundamental locus of p is contained in |D| x 0.

(2) The proper transforms to W of Y x 0 and |D| x P, denoted (Y x 0) and
(D] x P') respectively, are disjoint.

(3) (Y x 0) is smooth. Letting E be the exceptional divisor of p, (Y x0)+ E
18 a strict normal crossing divisor on W.

PrOOF. We may assume that Y is irreducible. To construct such a p, first blow
up Y x P! along the reduced subscheme |l~)| x 0, forming the projective birational
morphism

p1: Wi —Y x PL
Let U =Y x P!\ |D| x 0. Since |D| x 0 =Y x 0N |D| x P!, the proper transforms
of Y x 0 and [D| x P! to W, are disjoint. By Hironaka [11, Main Theorem I*,
pg.132], we may resolve the singularities of W by a projective birational morphism
Wy — Wi which is an isomorphism over U. Let py : Wy — Y x P! be the induced
morphism, let Fy be the exceptional divisor of ps, and consider the Cartier divisor
D' = p3(Y x 0) + Ey. Clearly D’ N p;'(U) is a strict normal crossing divisor;
by corollary A.3, there is a projective birational morphism p : W — Wy, with
W € Smy, such that 4 is an isomorphism over p; 1 (U), and with p*D’ + E’ a strict
normal crossing divisor on W, where E’ is the exceptional divisor of u. Letting
p: W —Y x P! be the induced morphism, it is clear that p has all the necessary
properties. (I

Let X be a finite type k-scheme, and D a pseudo-divisor on X. Let f:Y — X
be in M(X), with Y irreducible. Suppose that f(Y) ¢ |D|. Then D := divf*D
is an effective Cartier divisor on Y. Take a projective birational morphism p :
W — Y x P! satisfying the conditions (6.4.1). We claim that p*(Y x 0) is in good
position with respect to D. Indeed, E is supported in |p*p3 f*D|, and divp*p; f*D is
supported in |E|U({|p; f*D|). Since (|p7 f*D|) is disjoint from (Y x0) and (Y x0)+FE
is a strict normal crossing divisor, (Y x 0) + E is in good position with respect to
D. Since p*(Y x 0) has the same support as (Y x 0) + E, p*(Y x 0) is in good
position with respect to D, as claimed.

Note that p*(Y x 0) is linearly equivalent to p*(Y x 1) 2 Y, so [f] = (p1 o
2).([p* (Y x 0) — W) in Qu(X). Thus (f o py 0 p)a([p*(Y x 0) — W]p) gives a
lifting of f to an element of Q. (X)p.

DEFINITION 6.4.2. (1) Given an element f : ¥ — X of M(X) with Y irre-
ducible, f(Y) ¢ |D|, and a birational morphism p : W — Y x P! satisfying the
conditions (6.4.1), we call the element

(fepiop)([p"(Y x0) = Wlp)
of Q.(X)p a distinguished lifting of f € M(X). If f(Y) C |D|, a distinguished
lifting of f is just [f] € Q.(X)p.

(2) Let n = (f :' Y — X,Lq,...,L,) be a cobordism cycle on X, with Y irre-
ducible. Suppose that f(Y) ¢ |D|. Choose p : W — Y x P! as in (1), and let
L; = (p1p)*L;. We call the element

(Foprop-(@(@n)o...oa(L)(p" (¥ x 0) — W]p))
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of Q.(X)p a distinguished lifting of n. If f(Y) C |D|, then [n] € Q.(X)p is a
distinguished lifting of 1. We extend this notion to arbitrary elements of Z,(X) by
linearity.

REMARK 6.4.3. The comment immediately preceeding definition 6.4.2 justifies
our terminology: if np € Q,(X)p is a distinguished lifting of n € Z,(X), then np
and n both map to the same element in Q. (X).

REMARK 6.4.4. Using the notation of definition 6.4.2(2), we can write a dis-
tinguished lifting of (f : Y — X, Ly,...,L,) as

fe(@r(Ln) o0& (Ly)((p1 o p)«([p"(Y x 0) = W]p))),
noting that (p1 o p).([p*(Y x 0) — W]p) is in Q. (Y) ¢ p.

REMARK 6.4.5. Let T be a smooth projective k-scheme, and let f : Y — X be
in M(X). If u: W — Y x P! satisfies the conditions (6.4.1) for f*D on Y, then
clearly Idr x ju : T x W — T x Y x P! satisfies the conditions (6.4.1) for the divisor
(fop2)*D on T x Y. From this, it easily follows that, if 7 is a distinguished lifting
of some n € Z,(X), and « is in Z,(k), then a7 is a distinguished lifting of an.

LEMMA 6.4.6. Let n be in Z.(X), and let n1,m2 be distinguished liftings of n.
Then n1 = n2 in Qu(X)p.

PRroOOF. First of all, we may assume that n is a cobordism cycle (f : ¥ —
X,Ly,..., L), with Y irreducible. Next, it follows from the formula in remark 6.4.4
that, if 7 is a distinguished lifting of (f, L1,..., L,), then there is a distinguished
lifting Id € Q. (Y) - p of the cobordism cycle Idy € Q.(Y) with

7= fu(é1(L1)o...0¢(L-)(Id))
Thus, it suffices to consider the case of X € Smy, and to show that two distin-
guished liftings of Idx € M(X) agree in Q.(X)p.

We may assume that X is irreducible. If |D| = X, then Z,(X) = Z.(X)p,
02, (X) = Q.(X)p, and the unique distinguished lifting of Idx is the class of Idx
in Q,(X)p. Thus, we may assume that D is a Cartier divisor on X. Let 7, and 79
be two distinguished liftings of Idx.

Suppose 7; is constructed via a birational morphism p; : W; — X x P! satisfying
(6.4.1), for i = 1,2. Let Z; be a subscheme of X x P!, supported in |D| x 0, such
that W; is the blow-up of X x P! along Z;, i = 1,2.

Let T1 — X x P! x P! be the blow-up along Z; x P!, and let (Z3) denote the
proper transform of pis(Z3) to Th. Let To — T be the blow-up of T} along (Z>),
with structure morphism ¢ : 7o — X x P! x P!

We claim there is a blow-up of T at a closed subscheme Z supported over
|ID| x 0 x 0, T — T, such that T is smooth over k, and such that the divisor
X xP' x 0+ X x 0 x P! pulls back to a strict normal crossing divisor on T,
in good position with respect to D. To see this, let U be the open subscheme
Ty \ ¢~ 1(|D| x 0 x 0). We note that U is smooth and the pull-back of X x P! x
0+ X x 0x P! to U is a strict normal crossing divisor, and the proper transform of
X x P! x 04X x 0x P! is disjoint from the proper transform of D x P! x P!, after
restricting to U. Arguing as in the proof of lemma 6.4.1, we construct a projective
birational morphism 7" — T5, with T" smooth over k and isomorphic to T over U,
such that X x P! x 0+ X x 0 x P! pulls back to a strict normal crossing divisor
and the proper transform of X x P! x 0+ X x 0 x P! is disjoint from the proper
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transform of D x P! x P'. This verifies our claim. We let p : T — X x P! x P!
be the induced morphism, and let ¢ : T — X be p followed by the projection
px X x P x P! — X,

Clearly p~1(X x P! x 1) is isomorphic to W7, and p~(X x 1 x P!) is isomorphic
to Wa, as schemes over X x P1. Let Dy = X x P! x 0 and D, = X x 0 x P,
D; =X xP! x1and D] = X x 1 x PL. By our construction, we have the classes

Let i; : [p*D;| — T, z; : |p*D;\ — T, j=0,1, be the inclusions. We first note
that

m = (@i0). (" D2) (9" Dy — Tloyn)o).

Indeed, by proposition 6.3.3,
i1+ ((p*D1)([p* Dy — Tp,1p)p) = i, ((0*DG)([p* D1 — T py1p)D)-
Let j1 : X x 0 — X x P! be the inclusion. As p~!(X x P! x 1) is isomorphic to W
over X x P!, we have
(a0)« (0" Do)([p* D1 — Tpyip)p) = (prjn)« (X x 0)(W1 — X x P')p)
=m
Similarly,
n2 = (qi1)« ((p*DY)([p* Do — T)p;p)D)-
From proposition 6.3.4, we have
i0« (" Do) ([p*Df — T)pop)p) = i1« ((0*D1)([p* Dy — T)p,1p)D)
i0x (0" Do)([p* Do — Tlpyp)p) = 1. ((0* D)([P* Do — T)p1p)D)
in Q,(T)p. By proposition 6.3.3, we have
i0. (0" D4)([p* Do — Tlpyp)p) = o« (0" Do)([p* Dy — Tlpyip)D)
in Q.(T)p. Pushing forward to X, we have
m = (gi1)«((p"D1)([p" Dy — Tlp,ip)p)
= (¢i)«((p*D1)([p* Do — T)p1p)D)
=2,
as desired. O
REMARK 6.4.7. Via this result, we may speak of the distinguished lifting of an
element of Z,(X) to Q.(X)p. We have the following properties of the distinguished
lifting:
(1) Sending n € Z,(X) to its distinguished lifting 7 defines a Z,(k)-linear
homomorphism Z,(X) — Q.(X)p, lifting the canonical map Z.(X) —
Q. (X).
(2) Given f: X" — X projective, if 7 € Q,(X’)«p is the distinguished lifting
of n € Z,(X’), then f.n € Q.(X)p is the distinguished lifting of f.7.
(3) If Ly,..., L, are line bundles on X, and 7 is the distinguished lifting of
n € Z.(X), then ¢ (Ly) o...0 ¢ (L,)(7) is the distinguished lifting of
él(Ll) ©0...0 El(LT)(ﬁ)

The Z,(k)-linearity in (1) follows from remark 6.4.5, and the lifting property fol-
lows from remark 6.4.3. These last two properties follow from the formula in re-
mark 6.4.4.
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We extend the distinguished lifting to L, ® Z.(X) by linearity.

LEMMA 6.4.8. Let F be in L.[[u1,...,u.]], let f: W — X be in M(X), and
let Ly,..., L, be line bundles on W. Take an element n € Z,(W) and let 7} be the
distinguished lifting of n to Qu.(W)s«p. Let Fn denote the truncation of F after
total degree N. Then, for all N sufficiently large, f.(F(¢1(L1),...,¢1(L:))(7)) is
the distinguished lifting of f«(Fn(¢1(L1),...,¢1(L))(n)).

PrRoOF. This follows from remark 6.4.7. O

REMARK 6.4.9. As an application, consider the case of a strict normal crossing
divisor £ = Z;-”:l n;E; on' Y € Smy, with inclusion i : |[E| — Y, and a projective
map f:Y — X. The class [E — |E|] € Q.(|E]|) is

(6.4.2) Dyt @Oy (By)), -, 61(Oy (Em)))(Idp).
J

where ¢/ : E/ — |E| is the inclusion. Let [ﬂi\;] p be the distinguished lifting of
Idgs, and let [E — |E|] be a lifting of [EF — |E|] to Z.(|E|) defined by truncating
F7romm (g, ... up) after total degree N, for some N > dimg E7. By remark 6.4.7
and lemma 6.4.8, the element

(B = Bl = S W Fpsm (@ (Oy (B)), ..., 1Oy (E))) ([ ).
J

of Q.(|E|)p is the distinguished lifting of [E — |E]|].

LEMMA 6.4.10. Let n be in Z.(X)p, and let 7} be the distinguished lifting of
the image of n in Z,(X). Then 17 is the image of n in Q. (X)p under the canonical
homomorphism Z.(X)p — Q.(X)p.

PROOF. From the relations described in remark 6.4.7, we reduce to the case of
n=1Idx € M(X)p, with X irreducible and in Smy. The case |D| = X is evident,
so assume that D is a strict normal crossing divisor on X. Let p: W — X x P!
be a projective birational morphism such that the conditions (6.4.1) are satisfied,
and let g = p; o p. Then the divisors p*(X x 1) and p*(X x 0) are both in good
position with respect to D. As both are divisors of sections of p*(Oxyp1(1)), we
have

g+ ([n" (X x 1) = W]p) = g« ([n"(X x 0) = W]p)
in Q.(X)p, by remark 6.1.11. As g, ([u*(Xx1) = W]p) = Idx and g.([p* (X x0) —
Wp) is the distinguished lifting of Id x, the result follows. O

6.4.2. Lifting divisor classes. We need some information on the distinguished
lifting of divisor classes before proving the main moving lemma.

Let f:Y — X bein M(X), and let ¢ : S — Y be a smoot Cartier divisor
on Y. Let D be a pseudo-divisor on X. Suppose that f(Y) ¢ |D|, and that Y is
irreducible. Let D = divf*D.

We apply the construction of §6.4.1: blow up Y x P! along a subscheme con-
tained in |f)| x 0, forming the scheme p : T — Y x P!, satisfying the conditions
(6.4.1). Note that S x P +Y x 0 is a strict normal crossing divisor on Y x P1. By
corollary A.3, we may blow up T along smooth centers over |D| x 0, forming the
scheme 7 : T — Y x P! which satisfies the conditions (6.4.1) and in addition has
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the property that 7*(S x P! +Y x 0) is a strict normal crossing divisor. Finally,
letting E be the exceptional divisor of 7, we may suppose that

|T71(D x 0)] = |E|.
We let (Y x 0) denote the proper transform of ¥ x 0 and (S x P') the proper
transform of S x PL. Let S = 7*(S x P1), Y = 7*(Y x 0).
LEMMA 6.4.11.
(1) S+7Y is in good position with respect to Y|D. )
(2) Let q : [Y[N|S] — X be the composition of the inclusion into Y with
for. Then q.(Y([S — |Elly|p)p) € Qu(X)p is the distinguished lifting
of f«([E — Y1), in the sense of remark 6.4.9.

PRrROOF. We we write [S] for [S — Y], etc. (1) follows directly from the con-
struction: since S 4+ Y is a strict normal crossing divisor, S + Y is in M(T)y.
Since -

IT*(S xP* +Y x 0)] = (Y x0) + E+ S|
and |771(D x 0)| = |E|, it follows that, for each face F of S+ Y, FNY is in good

position with respect to D.
For (2), we claim that

(6.4.3) Y([S]?\D)D =Y ([(S x PY)]5p)p
in Q. (|Y|N|[S])p. Indeed we may write
S = (8 x P+ A,
where A is an effective divisor, supported in |S|N|E|. Since the exceptional divisor
E is supported in |Y], A is supported in |Y|. From the above decomposition of S,
we have R
[STyp = [(5 % P1>]§7\D +isa,

where a is a class in Q.(|A[)y p, and i : [4] — |S| is the inclusion. Then
Y([Slg1p)p = Y ([(S x B¢ p)p + i1 (i*Oz(Y)) ().

But Y = 7*(Y x0), hence O7(Y) = O; in a neighborhood of [A|. Thus & (i*Oz(Y))(a) =}
0, proving our claim. R
We are thus reduced to showing that g. (Y ([(S x IP’1>]1~,‘D))D is the distinguished

lifting of f.([S]). For this, the fact that S 4+ E is a strict normal crossing divisor,
that 771(D x 0) = |E| and that 7 satisfies the conditions (6.4.1) for D imply that
the restriction of 7,
75 : (S xP) — § x P!
satisfies the conditions (6.4.1) for the pull-back of D to S. Thus, the class
[TE(S x 0) — X]
is the distinguished lifting of [S — X]. Since
758 x 0) =Y N (S x P)
as divisors on (S x P!), and since
Y (S xP') = X]p = V[(S x P') = Xy p,
the proof is complete. |
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6.4.3. The proof of the moving lemma. We are now ready to prove the main
result of this section.

THEOREM 6.4.12. Let X be a finite type k-scheme, and D a pseudo-divisor on
X. Then the canonical map 9x : Q. (X)p — Qu(X) is an isomorphism.

PROOF. As noted in remark 6.4.7, taking the distinguished lifting defines a
Z,(k)-linear homomorphism ¢ : Z,(X) — Q.(X)p, with 9x(¢(n)) the image of n
in Q.(X). In fact, by lemma 6.4.10, we have a commutative diagram

|

Z(X) — Q.(X)

where Jy is the canonical map, and the horizontal arrows are the canonical maps.

Since Z,.(X) — Q.(X) is surjective lemma 2.5.9, the surjectivity of ¥ x follows.
To show that ¥x is injective, it suffices to show that the distinguished lifting ho-
momorphism ¢ descends to an €, (k)-linear homomorphism ¢ : Q. (X) — Q.(X)p.
Indeed, Q.(X)p is generated as an L,-module by the image of Z.(X)p, and thus
Q.(X)p is generated as an Q,(k)-module by the image of Z,(X)p. Therefore, ¢
is surjective, and ¥x o ¢ = Id, hence ¥y is injective. We proceed to show that ¢
descends to ¢.

First, we show that ¢ descends to ¢ : Z,(X) — Q.(X)p. For this, take
a generator ) = (f : Y — X, 7*Ly,..., 7" L., My,..., M) of (RP"™)(X) (see
lemma 2.4.2), which is the kernel of Z,(X) — Z,(X). Here f : Y — X is in M(X),
m:Y — Z is a smooth morphism to some Z € Smy, Lq,..., L, are line bundles
on Z, My,...,M, are line bundles on Y, and r» > dimyZ. Let u: W — Y x P!
be a projective birational morphism used to construct a distinguished lifting of
f:Y—>X. Letg= fopiou, 7=mop;opand p = p; opu. Then the distinguished
lifting of 7 is

9 (61(r*Ly) o ... 0 & (T"Ly) 0 & (p*My) o ...
o a(p M) ([ (Y x 0) — Wp)).

By lemma 6.1.13, the operator ¢1(7*Ly)o...0¢1(7*L;) is zero on Q,(W)p, so the
distinguished lifting of 7 is zero, as desired.

Next, we check that ¢; descends to ¢o : Q,(X) — Q.(X)p. Since ¢ intertwines
the operators ¢ (L) on Z,(X) and Q(X)p, it suffices by lemma 2.4.7 to check that
¢1 vanishes on elements of the form

[f:Y —=X,0¢(S)] = [foi:S— X],

where f is in M(X), and ¢ : S — Y is the inclusion of a smooth divisor.

Let n € Q.(Y) f+p be the distinguished lifting of Idy-. By lemma 6.4.8, f.(¢1(Oy (S))(n))}
is the distinguished lifting of (f : Y — X, 0y (5)) = f«(¢1(Oy(5))(Idy)).

On the other hand, let p : W — Y x P! be a blow-up used to define the
distinguished lifting 7, so 7 is represented by (p1 0 p).([p* (Y x0) — W]p). Blowing
up W further, and changing notation, we may assume that p*(S x P!) is a normal
crossing divisor on W, in good position with respect to Y x0|f*D. By lemma 6.4.11,

Fo (Y x0)((pr o p)«[p* (S x P') = Wlyxop)s+D)
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is the distinguished lifting of f.[S — Y] to Q.(X)p. Let is : [p*(S x PY)| — W
and 79 : [p*(Y x 0)] = W be the inclusions. By lemma 6.3.1 and proposition 6.3.3,
we have

F((Y < 0)((p1 0 p)slp™(S x P') — Wiy xoj5-))
= ( op1 0 p)u(iox(p*(Y x 0)([p* (S x P) — Wlyxop)))
= (fop1 o p)u(isc(p (S x P)([p* (Y x 0) — W]sxp1p)))
= 0p1op)*( ( p10p) Oy (89))([p" (Y x 0) — W]p))
= [+(e1(Oy (5))(n))-

Thus f.[S — Y] and f.(¢1(Oy(5))(1y)) have the same distinugished lifting to
Q. (X)p, that is ¢1([f : Y — X, 0y (S)] = [foi:S — X]) =0, as desired.

Finally, we check that ¢o descends to ¢ : Q.(X) — Q.(X)p. For this we use
the description of the kernel of the surjection Q,(X) — .(X) given by propo-
sition 2.5.15. To describe this kernel, we consider the power series Fo(u,v) =
U+v4 3 s a;juv? giving the formal group law on Q. (k). We choose liftings
aij € MT(k) of ai; € Qu(k), and let F(u,v) = u+v+ 3, s ajju'v! be the re-
sulting lifting of Fq. Then the kernel of Q,(X) — Q,(X) is generated by elements
of the form

fe(éi(Lr)o...0e(Ly)([F(L, M) — [L® M])),
where f : Y — X is in M(X), and Ly,...,L,,L and M are line bundles on Y.
Given such an element, it suffices to show that

¢2([F(L, M)] - [L @ M]) =0

in Q.(Y)p, since ¢o is compatible with f,, and with the Chern class operators
¢1(L;). Now, [F(L,M)] = F(¢1(L),é1(M))(Idy), and [L ® M| = é&(L @ M)(Idy).
Thus, ifn € Q (Y)p is the distinguished lifting of Idy-, it follows from the definition
of distinguished liftings that

G2([F (L, M)]) = F(1(L), & (M))(n),
$2([L ® M]) = &1 (L © M)(n).

2
Since F'(u,v) and F1,(u,v) both have image Fqo(u,v) in Q,(k)[[u, v]], it follows that

)
F(¢1(L),e1(M))(n) = FL(¢é1(L),é1(M))(n). Thus, using the relations <L*RfGL>(Y)f*D,I

we see that ¢o([F(L, M)]—[L®M]) = 0, which completes the descent and the proof
of the theorem. O

6.5. Pull-back for l.c.i. morphisms

Starting with the pull-back for a divisor, defined using the results of the previous
sections, we use the deformation to the normal bundle to define the Gysin morphism
for a regular imbedding of k-schemes. Combined with smooth pull-back, this gives
us functorial pull-back maps for l.c.i. morphisms of k-schemes, in particular, for
arbitrary morphisms in Smy.

6.5.1. Pull-back for divisors. The results of §6.2-§6.4 allow us to make the
following definition:
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DEFINITION 6.5.1. Let D be a pseudo-divisor on a finite type k-scheme X. We
define the operation of “pull-back by D”,

ih : (X) = Q.1 (1D)),
to be the composition

95! —
QX)) 25 0.(X)p 22 a1 (ID)).

6.5.2. The Gysin morphism. Let iz : Z — X be a regular embedding in Schy
of codimension d > 0. We proceed to define the map i}, : Q.(X) — Q._q(2).

We form the deformation diagram for 3: Let p : M — X x P! be the blow-up of
X x P along Z x 0, let (X x 0) and (Z x P') denote the proper transforms of X x 0
and Z x P! respectively, let E be the exceptional divisor of p, let N = E'\ (X x 0)
and U =M\ (X x0). Let j : U\ N — U, and iy : N — U be the inclusions.This
yields the commutative diagram

(6.5.1) N o Us—?—U\N
\ / i T
HUN <Z X IP1>0 ﬁ <Z X P1> H X
/ 10
Z x0 - ZxPl—— X xPl+— X x1
10 3

The equalities are isomorphisms induced by p, pn is the morphism induced by p
and (Z x P')g is the fiber of (Z x P!) over 0 € P'. We also have the identity
(Z x PY)o = (Z x P) NV, which gives the map s.

Letting v be the conormal sheaf of Z in X, ug : E — Zx0 = Z is the projective
bundle P(v®Oyz) — Z, and uy : N — Z is the vector bundle Spec (Sym*(N)) — Z,
i.e., the normal bundle Nz X of Z in X. Note that p restricts to an isomorphism

p:U\N = X x (P 0).

When we need to indicate explicitly X and Z in the notation, we write Mz X for
M, UzX for U, etc.

LEMMA 6.5.2. The map iy 0 iy« : Quy1(N) — Q. (N) is the zero map

PrOOF. If f: T — N is in M(N), then iy o f: T — U is clearly in M(U)y,
and N(iy o f) = fu(é1(f*Oy(N))(Idr)). But on U, the divisor N is linearly
equivalent to p*(X x 1), which is disjoint from N. Thus f*Oy(N) = Or and hence
&1 (f*Ou(N))(Idr) = 0. Thus i}in«(f) = N(iy o f) =0, as desired. O
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We have the diagram

(6.5.2) 0.(X) —Ps 01 (X x (PL 0))

:
Ny
:

Q1 (U\N) L— 0., (1)

%
N

O (Z) ——— Q.(N).

KN

We call (6.6.3) the zigzag diagram for the regular imbedding iz. We have as well
the exact localization sequence (theorem 3.2.7)

Qus1(N) 25 Q1 (U) £ Quia (U \N) = 0;
by lemma 6.5.2, the composition

Qi (X x (B 0)) 25 0 (U\N) 2 0,0, 0) 2 a,)
gives a well-defined homomorphism ¥y 7z : Q.1(X x (P1\ 0)) — Q.(N).

Since the map uy : N — Z makes N into a vector bundle over Z, it follows from
the homotopy property for algebraic cobordism (theorem 3.6.3) that the smooth
pull-back

i Qe alZ) — Qu(N)
is an isomorphism.

DEFINITION 6.5.3. Let iz : Z — X be a regular embedding of codimension d in
Schy. The Gysin morphism i3 : Q.(X) — Q._4(Z) is defined as the composition

* 1«* —1
Q,(X) 25 Q41 (X x (P 0)) 222, 0, (N x) Y 0, 4(2).
6.5.3. Properties of the Gysin morphism. Let f:Y — X, g: Z — X be mor-
phisms in Schy. Recall that f and g are called Tor-independent if Tor?x (Oy,0z) =
0 for ¢ > 0.

PROPOSITION 6.5.4. Let f: Y — X, g: Z — X be Tor-independent morphisms
in Schy, giving the cartesian diagram

Y xy 72—z

YﬁX

Suppose that g is a reqular embedding.
(1) If f is projective, then g* o f. = fi o g'*.
(2) If f is smooth and quasi-projective, then f™* o g* = ¢g"™* o f*.

PRrOOF. Since f and g are Tor-independent, the map ¢’ is a regular imbedding,
so g"™ is defined. Also, if we apply the functor Y x x — to zigzag diagram (6.6.3) for
the regular imbedding g : Z — X, we arrive at the zigzag diagram for the regular
imbedding ¢’ : Y xx Z — Y. Calling the first diagram D(g) and the second D(¢’),
the projection py : Yxx? —7 gives the map of diagrams po. : D(g') — D(g) in



6.5. PULL-BACK FOR L.C.I. MORPHISMS 161

case f is projective, and the map of diagrams p3 : D(g) — D(¢’) if f is smooth and
quasi-projective (with shift in the grading).

We note that the diagrams ps. : D(¢') — D(g) and p5 : D(g) — D(g') are
commutative. Indeed, this follows from the following facts:

(1) projective push-forward commutes with smooth pull-back in cartesian di-
agrams (definition 2.1.2(A3)).

(2) pull-back by a divisor satisfies a projection formula with respect to pro-
jective push-forward (lemma 6.2.1(1)).

(3) pull-back by a divisor commutes with smooth pull-back (lemma 6.2.1(2)).

This proves the lemma. (]

COROLLARY 6.5.5. Let Z and X be in Schy,.

(1) Leti: Z — X be a reqular imbedding, and let f :' Y — X be in M(X).
Suppose [ and i are Tor-independent and that Y X x Z is in Smy. Then
i*(f) is represented by pa: Y xx Z — Z.

(2) Let p: X — Z be a smooth morphism with a section i : Z — X. Then i
is a regular imbedding and i* o p* =1d on Q.(Z).

(3) Let p: X — Z be a rank n vector bundle over Z, and let i : Z — X be a
section. Then i is a reqular imbedding and i* is the inverse of p*.

PrOOF. For (3), the fact that p* is an isomorphism if p : X — Z is a vector
bundle over Z, theorem 3.6.3 shows that (2) implies (3). Also, (2) follows from (1),
since p*(f : Y — Z) is represented by ps : Y xz X — X. It remains to prove (1).

By proposition 6.5.4, we have i* f.(n) = fli'"*(n) for n € Q.(Y), where ' :
Y xxZ—Y, f:Y xx Z— Z are the projections. Thus, it suffices to show that
i"*(Idy) = Idy xyz. Denoting Y xx Z by Z', we form the deformation diagram
(6.6.3) for 4', letting pu : M — Y x P! be the blow-up of Y x P! along Z’ x 0 with
exceptional divisor ¥, N := ENU, iy : N — U the inclusion of the normal bundle
NzY,j:U\N — U the open complement of N, and puy : N — Z’ the projection.

Clearly j*(Idy) = pi(Idy) in Q.41(U \ N), hence

*(dy) = (uz) " iy (Idy) = (uz) ™ (idy).
Since p¥,(Idz ) = Idy, we have i"*(Idy ) = Idz/, as desired. O

We check that our two definitions of pullback for a Cartier divisor agree.

LEMMA 6.5.6. Let i : Z — X be a reqular imbedding, with codimxZ = 1.
Then, for f:Y — X in M(X)z, we have Z(f) = i*(f) in Q*(Z), so i* = i},.

PRrROOF. Form the deformation diagram (6.5.1) for i; we have the blow-up p :
]\4—>X><IP’10fX><IP’1 along Z x 0.

Let p: T — Y x P! be a blow-up of Y x P! along smooth centers lying over
]f_ng) % 0 so that the rational map p~to(fxId) : Y xP* — W defines a morphism
¢ : T — W. Blowing up further over Y x 0, if necessary, we may assume that ¢ is
in M(W)g|(zxp)- i

Let ¢ : T — U be the pull-back of ¢ via the open immersion U — W. Clearly

TxyU\N—-U\N =Y x (P'\0)
is an isomorphism. Thus, by definition of i*, we have

*(f) = (un) " (in(0))-
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Let ig : Z — N be the zero section, giving the divisor ig(Z) on N. Since
i0(Z)(ulg) = g for g € Q*(Z), the map ig(Z)(—) : Q*(N) — Q*(N) is inverse to
w*. Thus

i (f) = i0(2)(in (77 (¢))) = i0(2)(N(G7(#))) = i0(Z) (1" (X x 0)(¢))-
Let i1 : Z — X x 1 be the evident inclusion.

Write D for (Z x P1), and let ip : |[D| — W, 1o : [p*(X x 0)] - W and
t1 : |p*(X x 1)] — W be the inclusions. Since (Z x P1) 22 Z x P, we have the
projection p; : |D| — Z. Noting that ig(Z) = (D) as Cartier divisors, and using
the projection formula (lemma 6.2.1(1)) and proposition 6.3.4, we have

i (f) =i0(Z) (1" (X x 0)(¢)) = (1,5D) (1" (X x 0)(¢))
= p1a 0o« (19 D) (1* (X x 0)(9)))
= p1x (Do (1" (X % 0)(¢))) = prs (D(iotar. (u* (X x 1)(¢)))
=i (Z)(p" (X x 1)(9)) = Z(f).
U

LEMMA 6.5.7. Let i : Z — X be a regular imbedding, let p : Y — X be a
smooth quasi-projective morphism, and let s : Z — Y be a section of Y over Z.
Then s* o p* =i*.

PRrROOF. Form the deformation diagram for the inclusion s : Z — Y, letting
ps : My — Y x P! be the blow-up of Y x P! along s(Z) x 0, U := M, \ (Y x 0),
and jn, : Ny — U, the inclusion of the normal bundle Ny z)/y. Similarly, let
wi = M; — X x P! be the blow-up of X x P! along i(Z) x 0; we change s to i in the
notation.

Checking in local coordinates, one sees that the projection p: Y — X extends
to a smooth morphism p : Uy — Uj;, inducing the natural map Np: NzY — Nz X
from Ng to N;. Take an element n € Q*(X), and let 7; be a lifting of pin to Q*(U;).
Then 75 := p*7; is a lifting of pip*n to Q*(Us). Since p is smooth, we have

in, (0s) = Np*in, (7).

Letting ps : Ny — Z, p; : N; — Z be the projections, we have p}; = Np* op}, hence,
by proposition 6.5.4,

s*(p*n) = (p2) "' ik, (7)) = (9) " (iR, 70) = i"n.
O

THEOREM 6.5.8. Let i : Z — Z', i’ : Z' — X be reqular imbeddings. Then
(' o))" =i*0d*.

PRrROOF. Form the deformation diagram (6.5.1) for ¢’ : Z/ — X by blowing
up X x P! along Z’ x 0, giving the birational morphism p : M — X x P! with
exceptional divisor E, let U := M\ (X x 0), let iy : N — U be the inclusion of the
normal bundle Nz X and uy : N — Z' the projection.

Restricting to Z, we have the closed subscheme (Z x P!) of (Z’ x P!}, which
is isomorphic to Z x P! via p, and the restriction of s defines a section sg : Z — N
over Z, with so(Z) = N N (Z x P1). Letting s; : Z — X x 1 C W be the map
51(2) = (7' (i(2)), 1), we similarly have s1(Z) = X x 1N (Z x P1).
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Let 1 be an element of Q*(U)nyxx1- We claim that
(6.5.3) so(N(n)) = s1((X x 1)(n))

in Q*(Z). Indeed, form the deformation diagram for the inclusion i” : (Z xP!) — U:
Let ¢ : T — U x P! be the blow-up of U x P! along (Z x P') x 0, let j% : U% — T
be open subscheme T\ (U x 0), let iz : N? — UZ be the inclusion of the normal
bundle of Nz.p1y,r. The structure morphism W — P! induces the morphism
7 :U% — P'. Via 7 the deformation diagram for iyz is a diagram of schemes
over P!, where the fiber over 0 € P! is the deformation diagram for the inclusion
50 : Z — N, and the fiber over 1 € P! is the deformation diagram for the inclusion
s1:Z — X x 1. Let NZ, UZ, etc., denote the fibers over 0, and NZ, UZ, etc. the
fibers over 1. Let pg : N — Z, p1: NZ — Z and p: N2 — Z x P! denote the
projections. Take an element 7 € Q*(UZ)UOZ-i-UlZ\NZ lifting p;(n). Then UZ (7)) lifts

(i (X x 1))(n) and UF () lifts (piN)(n), so
(6.5.4) Po(s6(N(n))) = Ni (UG (1))
Pi(s1((X x 1)(n))) = N{ (U (7).

Here, we consider NZ as a pseudo-divisor on UZ and N¥ as a pseudo-divisor on
UZ.

Let ig : UZ — Uy, i) : N¢ — N7 be the inclusions. We have NZ = iiNZ (as
pseudo-divisors), hence by lemma 6.2.1(1)

i (NG (U (7)) = ig. (iGN (UG (7)) = N (io+(U§ (17))).

Similarly, letting i : NZ — NZ be the inclusion, we have

L (N (U (7)) = N? (i1 (U (7))

Also, by proposition 6.3.4, we have ig.(UZ (7)) = i1.(UZ (7)) in Q*(U?). Thus, in
Q*(N?) we have

(6.5.5) i (NG (UF (1)) = N? (i (U (7))
= N?(i1.(U{ (7))
= i (NT (U7 (1))

Let i : Z — Z x Pl i# . Z — Z x P! be the 0 and 1 sections, respectively.
Since p* : Q*(ZxP!) — Q*(N?) is an isomorphism by the homotopy property theo-
rem 3.6.3, (6.5.4) and (6.5.5) imply iZ, (s5(N(n))) = iZ (si((X x 1)(n))). Projecting
to .(Z) by p1. shows that s§(N(n)) = s7((X x 1)(n)) in Q*(Z), as claimed.

Now take an element z of Q*(X), and let n be a lifting of pja to Q*(U) Nt xx1-
Then (X x 1)(n) =z, so s7((X x 1)(n)) = (io4')*(x). On the other hand, letting
pz + N — Z' be the projection, we have N(n) = p3,i"*(x). By lemma 6.5.7, we
have

so(N () = sg(pzi”™ (x)) = i (i (x)),
hence i*(i"*(x)) = (¢’ 0 i)*(x). O
6.5.4. L.c.i. pull-back. Let f : X — Y be an l.c.i. morphism in Schy. By

definition, there is a factorization f = g o4, with ¢ : X — P a regular imbedding
and ¢ : P — Y a smooth quasi-projective morphism.
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LEMMA 6.5.9. Let f : X — Y be an l.c.i. morphism. If we have factorizations
f=aq ot = qoig, withi; : X — P; regular imbeddings and q; : P; — 'Y smooth
and quasi-projective, then

-5k * -5k *
11041 =122 0(5.

Proor. Form the diagonal imbedding (i1,i2) : X — P; xy P». By re-
mark 5.1.2(2), (i1, i2) is a regular imbedding. Form the cartesian diagram (j = 1, 2)

i
P *]>P1 Xy P

X—F;
5

Then p; : Py Xy P» — P; is smooth and quasi-projective, so by proposition 6.5.4(2),
we have
gjoij=1iopj; j=12.

Also, the map (i1,i2) induces a section s; : X — P7 to g;. Applying lemma 6.5.7
and theorem 6.5.8 gives

sk ok * -k
lj = 855004501
Lk /% *
=55 0% °P;
. .\ k *
= (i1,12)" o pj.

Let g : Py Xy P» — Y be the map gi1p1 = g2p2. Using the functoriality of smooth
pull-back, we have

i; oq; = (i1,i2)" o p; 0 qj

= (i1,i2)" o q".

We may therefore make the following definition:

DEFINITION 6.5.10. Let f : X — Y be an l.c.i. morphism in Schy, of relative
dimension d. Define f* : Q.(Y) — Q.y1q(X) as i* o ¢*, where f = goi is a
factorization of f with ¢ a regular imbedding and ¢ smooth and quasi-projective.

THEOREM 6.5.11. Let f1 : X — Y, fo: Y — Z be l.c.i. morphisms in Schy,.
Then (f2o f1)* = fi o f5.

PRrROOF. As in remark 5.1.2, we have a commutative diagram

X—2sp—,p

NI

Y — P

i2
q2
N

Z,
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with q1, g2 and ¢ smooth and quasi-projective, 71, i and ¢ regular imbeddings,
and the square cartesian. Using the functoriality of smooth pull-back, proposi-
tion 6.5.4(2) and theorem 6.5.8, we have

(f2 o f1)* = (ii1)" o (q29)"
=ijoi*oqg"oq;
=1i10¢; 03003
=fiofs
O

THEOREM 6.5.12. Let f: X — Z, g: Y — Z be Tor-independent morphisms
in Schy, giving the cartesian diagram

Xx,V -2y

XTZ.

Suppose that f is an l.c.i. morphism and that g projective. Then
f* O g« = P1x Op;

PROOF. Since f and g are Tor-independent, ps is an l.c.i. morphism, so the
statement makes sense.

Write f = qoi, with ¢ : P — Z smooth and quasi-projective, and ¢ : X — P a
regular imbedding. This gives us the diagram

XxzV 2 pu,y 2oy

X —— P——— 7.

7

with both squares cartesian. Using the functoriality of projective push-forward and
thereom 6.5.11, it suffices to prove the case of f a regular imbedding, or f a smooth
quasi-projective morphism. The first case is proposition 6.5.4(1), the second follows
easily from the definition of algebraic cobordism given in §2.4.

O

ProrosiTION 6.5.13. Let f; : X; — Y;, ¢ = 1,2 be l.c.i. morphisms in Schy,.
Then for n; € Q.(Y;), i = 1,2, we have

(fr x f2)"(m x m2) = f1(m) x f5(n2).

Proor. We first note that f; x fo : X7 X Xo — Y7 X Y5 is indeed an l.c.i.
morphism: if Xo = Y5 and fo = Id, this is clear, and we have the factorization
fi x fa = (fi xId) o (Id x f3). Similarly, it suffices to prove the case X5 = Y5,
fo=1d.

We may assume 17 is a cobordism cycle (¢ : Z — Ys,Lq,...,L,). Since both
smooth pull-back and the Gysin morphism are compatible with the Chern class
operators ¢1(L), we may assume that r = 0.
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Note that o = g.(Idz), so 1 xn2 = (Idx g)«(m xIdz). Similarly, fi(n1)xne =
(Id x ¢)«(ff(m) x Idz,). Thus, using theorem 6.5.12, we may replace Y3 with Z
and 72 with Idz, so it suffices to prove the result with Y5 € Smy and 7y = Idy;,.

In this case 71 X2 = p* (1), where p : Y1 XYy — Y] is the projection. Similarly,
film) xn2 =q*(ff(m)), where ¢ : X; x Y2 — X is the projection. Thus we need
to show

(fu xId)*(P"(m)) = ¢"(f1 (m))-
This follows from the functoriality of l.c.i. pull-back, theorem 6.5.11. g

6.6. Refined pull-back and refined intersections

Let g : Y — X be a morphism in Schg, f: Z — X an l.c.i. morphism in Schy
of relative codimension d and W := Z xx Y the fiber product. Following Fulton
[7], we define the refined pull-back

fe Q.(Y) = Qu_g(W).

The construction and the proofs of all the basic properties of f' are taken from
Fulton [7, Chapter 6] with minor modifications; we will therefore be somewhat
sketchy with the arguments, concentrating on the main ideas and the places where
the arguments need modification.

In this section, we will abuse notation slightly: if ¢ : Z — Y is a regular
embedding of codimension one (i.e., Z is a Cartier divisor on Y'), and « is in Q,.(Y)
we write Z(«a) for i%(a) € Qu_1(2).

We call a diagram in Schy, consisting of squares a fiber diagram if all squares
commute and are cartesian.

We remind the reader that we are assuming throughout this section that k is
a field admitting resolution of singularities.

6.6.1. Normal cone and normal bundle. For ¢/ : W — Y a closed immersion
with ideal sheaf Z, we have the normal cone of i’, namely, the W-scheme

CwY = Spec o, (Br2oI"/I").
If n: MyyY — Y x P! is the blow-up of Y x P! along W with exceptional divisor
FEw, then
CwY 2 Eyw \ (Y x 0);
in particular, CwY is a Cartier divisor on UyY := MY \ (Y x 0), and we have
)

the following generalization of the deformation diagram (6.5.1
(6.6.1)

OwY e UwY 2" Uy \ CiY
%% <W X P1>0 %} <W X ]P)1> 1% \Y
W x0 i WXPIﬁYXEM(—YXl

In case ¢’ is a regular embedding, then Cy'Y is just the normal bundle Ny Y, and
the diagram (6.6.1) is just (6.5.1) with i : W — Y replacing i : Z — X.
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Now suppose we are given a cartesian square in Schy:

’

(6.6.2) W——yY

Z*Z_>X

with 7 a regular embedding. We have the surjections ¢*Z7 — Zj;,, which give the
closed immersion

iW/Z : CWy — q*NzX

Let pg+n : ¢*NzX — W be the structure morphism. The cartesian square (6.6.2)
defines a morphism V¥ of the diagram (6.6.1) to the diagram (6.5.1).

6.6.2. Refined Gysin morphism. Suppose we have a cartesian square (6.6.2)
with ¢ a regular embedding of pure codimension d. The facts that allow us to define
the pull-back for ¢ have their direct analogs for i’ : W — Y

(1) The sequence

Qo1 (CwY) €5 0 (U Y) 2% Q) (U Y\ YY) — 0

is exact.
(2) CwY is a Cartier divisor on UwY and i} oicy = 0.
(3) pgn 1 ¢*NzX — W induces an isomorphism
Pgen  Qu—a(W) — Qu(¢* Nz X).

The proofs are exactly the same as in §6.5, and are left to the reader.
We thus have the extended zig-zag diagram:

(6.6.3) Q(Y) 2 0,y (V x (P 0))

Nlﬂ*

Qi (UwY \ O Y) <2 Q. 1 (U Y)

.

Qi g(W) ——— Qu (¢ Nz X) —— Q. (CwY)

TN W/ Zx
and the composition

p*opy

O.(YV) 2P (U Y\ CwY)

(M;*N)iloiW/Z*
B S SN

ito(ix )1
1) G (Owy) Qg (W)

gives a well-defined homomorphism
it Q(Y) = Qu_g(W).

. . -l -l .
We sometimes write i° for ¢;, when the context makes the meaning clear.

REMARK 6.6.1. In the situation considered above, the zero-section s : W —
¢* N is a regular embedding, so s* : Q.(¢*N) — Q._4(W) is defined, and is in fact
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the inverse to y;. v (corollary 6.5.5(3)). Thus for a given a € ..(Y) we can describe
i, () as follows: choose an element & € Q.1 (UwY') with 553, (&) = p*op}(a). Then
i (@) = 8" (iwyz:(CwY (&))).

6.6.3. Properties of the refined Gysin morphism. The results and proofs of
§6.5 on the Gysin morphims ¢* extend with only minor changes to the refined Gysin
morphisms i'. We give a sketch of the arguments, indicating the points one needs
to change. In what follows, i : Z — X will be a regular embedding of codimension

d and
w Y
ﬂ lg
Z X

./
K2

—

*4)
3

is a cartesian square.

LEMMA 6.6.2. Suppose we have a fiber diagram

Wy

Suppose that i and g are Tor-independent. Then i’ is a reqular embedding and
. | - / -1 A
i = ib. As a particular case (¢" =1d) we have i;, = i'*.

PROOF. Since ¢ and g are Tor-independent, ¢’ is a regular embedding, and
¢*NzX 2 NywY =2 CwY. The result follows directly from this. (I

The proof of the following result is essentially the same as that of proposi-
tion 6.5.4 and is left to the reader.

PROPOSITION 6.6.3. Let g’ : Y/ — Y, be a morphism in Schy, giving the fiber
diagram

w "y
qﬂ lg,
i Yy

N =
?“T

i
(1) If ¢’ is projective, then i, o g\ = gl 0.
(2) If ¢’ is smooth and quasi-projective, then ik, o g'* = ¢'* oi,.



6.6. REFINED PULL-BACK AND REFINED INTERSECTIONS 169

LEMMA 6.6.4. Let

Wy
"J Jg
Z— X

be a cartesian diagram in Schy, with i a reqular embedding of codimension one,
i.e., Z is a Cartier divisor on X. Then we have the pseudo-divisor g*Z on'Y with
support W and

i'(@) = g"Z(a) € Q1 (W)
for all v € Q. (Y).

PROOF. Let h : Y — Y be a projective morphism and suppose there is an
element a € Q*(f/) with h.(&) = a. By proposition 6.6.3, we may replace (Y, a)
with (Y, &). Since Q,(Y) is generated by elements h.(15) with Y irreducible and
in Smy, we may assume that Y is irreducible and in Smy and that o = 1y. Let
s:Y — g*NzX be the zero-section.

If g(Y) C i(Z), then CwY =Y = W, i,z = s. Using the notation of
remark 6.6.1 we may take & = 1y, v, and we have

i(1y) = 5" (s.(Y (luy))) = 5™ (s.(1y)) = &1 (9" Nz X) (1y).

Since Nz X = Ox(Z), this agrees with ¢*Z(1y), proving the result in this case.
If g(Y) is not contained in Z, then W = ¢*Z is a Cartier divisor on Y. Thus
g and 7 are Tor-independent and by lemma 6.6.2

i'(1y) = i (1y).
By lemma 6.5.6, i"*(1y) = ¢*Z(1y ), which completes the proof. O

THEOREM 6.6.5. Let iy : Zo — Zy, i1 : Z1 — X be regular imbeddings, giving
the fiber diagram

1;/ i’
Wy —25 W) —— Y

S

Zy—— 2 —— X
2 1
Then (i} oio)' = ib o d'.

PrRoOF. We first reduce to the case in which X is a vector bundle & — Z;
with i1 the zero-section, Y = ¢fE and ¢} is the zero-section.

For this, we form the deformation diagram over P! x P! as in the proof of
theorem 6.5.8: We start with the deformation diagram Uz, X — P for iy, and then
form the deformation diagram Uy, «p1Uz, — P! for Zo x P — Uz, X. We have the
cartesian diagram

(6.6.4) Wy x P! —25 W, x P! —— U, Y

T

Zg X P! —— 71 X P! — Uz, X.
i2

i1
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Forming the deformation diagrams for 7} 07} and 7; 07; yields the cartersian diagram
(6.6.5) Wy x P! x P! —— U, xpr Uw, Y
| I
Zy x Pl x Pl —— Ugz,xmUz X

with a projection to P! x P'. The order of the product is chosen so that the fiber
of (6.6.5) over P! x 1 is the diagram (6.6.4) and the fiber over P! x 0 is

(6.6.6) Wy x Pt —— Cy,xm Uw, Y
S
Zy x Pl —— Nz, p Uz, X

The fiber of (6.6.4) over 0 € P! is

Wo —2 s Wy — Cyp, Y

Lk

Loy — /1 ﬁ) Nzl X.
ig

and the fiber of (6.6.4) over 1 € P! is the original diagram. Arguing as in the proof
of theorem 6.5.8 proves the following statement: for a € Q.11(Uw,Y),

§'(Cw, Y (o)) = i1 (X x 1(a))

(s 0i2) (Cw, Y () = (i1 0i2) (X x 1(a))
This reduces us to proving the result with X replaced by Nz, X, and Y replaced
by Cw,Y:

Wy L Wy 4SI) CW1Y

%J ml Jg’
ZQ 14) Z1 4S> NZ1X
2
with s and s’ the zero-sections. Letting f : Cw,Y — ¢iNz X be the canonical

closed immersion, we have the fiber diagram

/

Wy —2 Wy — = Oy, Y

L

S

Wy —— W) ——¢{ Nz, X

RN

Zy — 7 S NZ1X’

2

with s” the zero-section. Using proposition 6.6.3(1), this reduces us to the case
Y = ¢i Nz X, i1 the zero-section, as desired.
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In this case, we have the isomorphism (see [7, proof of theorem 6.5])
Cw,Y = Cw,W1 Xw, (i20¢2)"Nz X,
and similarly Uw,Y = Uw, W1 xXw, ¢f Nz, X.

Since the square
Wy L) Y
7y — X
i1

is Tor-independent, i' = 4/*, hence i} : Q.(Y) — Q._4(W1) is the inverse to p* :
Q—a(W1) — Q. (q7 Nz, X).
We have the fiber diagram

(l10q2)*Nz X — sy

ql Jp

Wy —— W

|

Lo ———— 74

iz
which identifies (i; 0 i2)' : Qu(Y) — Qu_q_o(Ws) with the composition of
(12 + Qu(Y) = Quol(i1 0 02)" Nz, X)
followed by the inverse of the pull-back isomorphism
q"t Qug—e(W2) — Qu—e((i1 0 ¢2)" Nz, X).

Since ¢* o (22);,2 = (i)} o p*, we have

(i1 0dz)' = (¢) " o (ia)i = (i2)yy o () ' =iy 04y,

as desired. O

6.6.4. Refined pull-back for l.c.i. morphisms. The same program we used for
extending the Gysin morphism ¢* for a regular embedding to the pull-back f* for
an l.c.i. morphism gives an extension of the refined Gysin morphism i' to a refined
pull-back f' for an l.c.i. morphism. Indeed, let

(6.6.7) WLy
ql lg

be a cartesian square in Schy, with f an l.c.i. morphism of relative codimension d.
Factor f as f = poi, with i : Z — P a regular embedding of codimension d + e
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and p : P — X smooth and quasi-projective of relative dimension e. This gives us
the fiber diagram

W

|

Z

fp 1 (Y) = Qu_a(W)

. P’
*H — >

i-<

o—H™
PR —
. «Q

i p
i

Define

to be the composition

0.(Y) 25 Qo (T) 25 Qu_gW).

The basic properties of f' are essentially the same as for f*. We list these
results in the following omnibus theorem; the proofs are also essentially the same
as for f*, and we leave the details to the reader.

—_

THEOREM 6.6.6. (1) Let
w Y
Z—X

be a cartesian square in Schy, with f an l.c.i. morphism of relative codimension d.
(a) f}/ (YY) — Qu_q(W) is independent of the choice of factorization of

f.
(b) If f and g are Tor-independent, then f}, = f*.

c) Let E be a vector bundle on'Y. Then f% 0 én(E) = é,(f*E)o ',
f f
(2) Let

f/
—

~

3

(L
.,
b"<i

=
i-.<

g

Q
—
<7

a fiber diagram in Schy, with f an [.c.i. morphism.

(a) if ¢’ is projective, then f}, ogh=¢, 0 f]!c//-
(b) if ¢’ is smooth and quasi-projective, then ¢'* o f}, = f},/ og™.

(3) Let

W2L>W1f41>y

S

ZQf*)ZlﬁX



6.6. REFINED PULL-BACK AND REFINED INTERSECTIONS 173
. . . . . 1 ! 1
be a fiber diagram in Schy, with fi and fs l.c.i. morphisms. Then (fiof2) = f30fi.

(4) Fori=1,2, let

be a cartesian square in Schy, with f; an l.c.i. morphism of relative codimension
d;. For a; € Q.(Y;), we have

(f1 X f2) (a1 x az) = fi(a1) x f3(o).

6.6.5. Fxcess intersection formula. We show how Fulton’s excess intersection
formula [7, Theorem 6.3] extends to algebraic cobordism.

LEMMA 6.6.7. Let p: E — X be a vector bundle of rank d on some X € Schy,.
Suppose that E has a section s : X — E such that the zero-subscheme of s, i : Z —
X is a regularly embedded closed subscheme of codimension d. Then

PROOF. The case d = 1 is lemma 5.1.11. We may use the splitting principle
(remark 4.1.2) to reduce to the case E = ©% | L;, with the L; line bundles on X;
the Whitney product formula gives us the identity

d
c(E) = H &1 (L)

The homotopy property allows us to prove the result for any section s such that
the zero-subscheme of s is a regularly embedded subscheme, as in the proof of
lemma 5.1.11. We may use the homotopy property again to pull back to £ and
replace s with the tautological section of p*E. In this case, the section of ®]_,¢*L;
induced by the tautological section ¢*E and the surjection ¢*E — ®]_,¢*L; has
zero-subscheme which is a codimension r regularly embedded closed subscheme, so

we may use induction and the case d = 1 to finish the result. [

LEMMA 6.6.8. Let 0 — E' % E — E"” — 0 be an evact sequence of vector
bundles on some X € Schy, let d be the rank of E". Let s : X — E, s : X — E’
be the zero-sections. Then

§* 0i, = cq(E") o0 s™.
PROOF. Let p : E — X be the structure morphism. The closed subscheme

i(E') is the zero-subscheme of canonical section of p* E” induced by the surjection
E — E". Also,s=1i05', so

s*o0i,=8%0i*oi,
— s/* Oéd(p*E”)
_ Ed(EN) os/*,

using lemma 6.6.7. (]
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We can now state and prove the excess intersection formula; we take the for-
mulation and proof from Fulton [7, Theorem 6.3].
Start with a fiber diagram in Schy:

"

W——y

|, b

7' — X'

ql }’
such that 7 and ¢/ are both regular embeddings, with 7 of codimension d and i’ of
codimension d’. Write N := NzX, N’ := Nz X’'. The bottom square gives the

inclusion iz/ /7 : N' — ¢*N; we define E to be the quotient bundle ¢*N/N'. E is
of rank e :=d — d’. F is called the excess normal bundle for (i.i").

THEOREM 6.6.9 (Excess intersection formula).

Z.!i// = &e(q/*E) o Z;'//
PRrROOF. Form the deformation diagram (6.6.1) for i : W — Y. For a €
Q.(Y), let & € Q,11(UwY) be an element restricting to pfa on Uy Y \ CwY. We

have the closed immersions

iW/Z’

CWY q/*N/
CwY % (qoq)*N

igl)z

NZ/X, I q*N
with
iW/Z = q/*(izl/z) [¢] iW’/Z"
Let s : W — (qo ¢ )*N, s : W — ¢"*N’ be the zero sections. Then

i) = 8" (iwr )2 (Cw Y (&)))
i*(a) = s* (iw)z.(CwY ()))
= S* o (q,* (ZZ//Z))*('LW’/Z’*(CWY(&)))

and the result thus follows from lemma 6.6.8. O

6.6.6. Commutativity of refined pull-backs. We consider a fiber diagram

1"

W/ 5 Y/ 5 Z/

|, b
WLy —x

| |

with f and g l.c.i. morphisms of relative codimension d and e, respectively.
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THEOREM 6.6.10. f'g' = g'f' : Qu(Y) — Qu_gq_o(W").

PROOF. The result is easy to prove if either f or g is smooth and quasi-
projective; we may therefore assume that f and g are both regular embeddings;
in this case all the maps in the diagram are closed immersions.

Take o € Q.(Y). Suppose we have a projective morphism A : Y — Y and an
element & € Q,(Y). Using proposition 6.6.3, we may replace Y with ¥ and a with
@. Since Q.(Y) is generated by elements of the form h,(ly) with Y irreducible
and in Smyg, we may assume that Y is irreducible and in Smy. We proceed by
induction on dim;Y.

If now h: Y — Y is a blow-up of Y along a smooth center F, the localization
theorem for i : F — Y and h™1(F) — Y imply that the map

Q.M e .F) Lo (v)

is surjective. By our induction hypothesis, we may replace Y with ¥ and assume
that « = 1y. In particular, we may replace Y with any sequence of blow-ups of
Y along smooth centers, so we may assume that either W is a Cartier divisor on
Y or that W = Y. Similarly, we may assume that either Y’ is a Cartier divisor
on Y or that Y/ =Y. In case both W and Y’ are Cartier divisors on Y, we may
blow-up further and assume that W + Y” is a strict normal crossing divisor on Y.
In particular, both f’ and p are regular embeddings, so we may apply the excess
intersection theorem 6.6.9. Let E be the excess normal bundle for (£, f') and F the
excess bundle for (g,p).

Suppose that W = Y. Then f}, = ¢(E), f},, = ¢q4(p*E) and the excess
intersection formula gives

9'f' =g oc(E)
=¢4(p"E)og,
_ f!gl
Similarly, f'g' = ¢'f' if Y/ = Y. Thus we may assume that W and Y’ are both
Cartier divisors on Y.

In this case, W and Y’ determine pseudo-divisors p*W on Y’ and f*Y’ on W,
respectively. By lemma 6.6.2 and lemma 6.6.4, we have

g f (@)= "Y' (W(a)

f'g'(a) = pW(Y'(a).
Since f*Y'(W(«)) = p*W (Y'(«)) by proposition 6.3.3, the proof is complete. O
6.6.7. Refined intersections. Take Z € Smy of dimension d over k, so the
diagonal § : Z — Z X Z is a regular embedding of codimension d. Suppose we

have X,Y € Schy and projective morphisms f: X — Z, g : Y — Z. This gives
the cartesian diagram

Xx,V 2 X sV

(f,g)l lfxg

ZﬁZXkZ
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For a € Q,(X), 8 € Qn(Y), define
@z B€Qym-a(X xz Y)
by
-z f:=0d(axp).
The following are easy consequences of the properties of refined pull-back:
(1) Let 7: Y xz X — X xz Y be the symmetry. Then

T (a-zf) =0z
If we have h : W — Z and v € Q. (W), then
(a-zB)zyv=0az(B2z7).

(2) Given projective morphisms ' : X' — X, ¢/ : Y/ = Y and o/ € Q.(X’),
B € Q.(Y"), then

(f', 9" (@ -z B') = fia) -z g.(B).
In particular,

(f,9)+(a-z B) = fu(a) U g (B).
(3) Let p: Z' — Z be a morphism in Smy. Then

p(a) -z p(B)=p(azpB).



CHAPTER VII

The universality of algebraic cobordism

In this chapter, we complete our program, finishing the proofs of the results
stated in in Chapter I. We also extend a number of our results on oriented coho-
mology of smooth schemes to oriented Borel-Moore homology of 1.c.i. schemes.

7.1. Statement of results
The main aim of this chapter is to establish the following results:

THEOREM 7.1.1. Let k be a field admitting resolution of singularities. Let V
be an l.c.i.-closed admissible subcategory of Schy. Then the oriented Borel-Moore
weak homology theory

* X — Q.(X)

onV admits one and only one structure of an oriented Borel-Moore homology theory
on V, which we still denote €.

THEOREM 7.1.2. Let k be a field admitting resolution of singularities. Then
the oriented Borel-Moore weak homology theory Q. on Smy admits one and only
one structure of an oriented cohomology theory Q* on Smy.

We will also show

THEOREM 7.1.3. Assume k admits resolution of singularities.
(1) Let V be an l.c.i.-closed admissible subcategory of Schy. Then algebraic cobor-
dism, X — Q.(X), is the universal oriented Borel-Moore homology theory on V.
(2) Algebraic cobordism, considered as an oriented cohomology theory on Smy, is
the universal oriented cohomology theory on Smy,.

These results complete the proof of theorem 1.2.6. Similarly, we have so far
proved theorem 1.2.18 and theorem 1.2.19 only for the underlying Borel-Moore
weak homology theories (see theorem 4.2.10 and theorem 4.5.1); theorem 7.1.3(2)
completes the proofs of these results for the respective oriented cohomology theories
on Smy. For the sake of completeness, we state these results here, in their full
generality:

Let L* — Z and L* — Z[3, 37!] be the homomorphisms classifying the additive
formal group law Fy(u,v) = u+ v and the multiplicative periodic formal group law
Fr(u,v) =u+ v — fuwv.

THEOREM 7.1.4. Assume k admits resolution of singularities.
(1) The canonical morphism Q* — K°[3, 7] of oriented cohomology theories on
Smy, induces an isomorphism of such theories

Q* ®]L* Z[ﬂvﬂil] - Ko[ﬁaﬂil]'

177
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(2) Suppose that k has characteristic zero. Then the canonical morphism Q* — CH*
of oriented Borel-Moore homology theories on Schy, induces an isomorphism of such
theories

Q. ®L- Z — CH™.

In particular, this isomorphism restricts to an isomorphism of oriented cohomology
theories on Smy,.

Theorem 1.2.2 is a direct consequence of theorem 7.1.3(2) and theorem 7.1.4(2).
Indeed, theorem 7.1.3(2) shows that Q. ®p- Z is the universal ordinary oriented
cohomology theory on Smy, and thus the isomorphism Q, ®+ Z — CH" of theo-
rem 7.1.4 yields theorem 1.2.2.

7.1.1. Extended degree formulas. Some of the degree formulas of §4.4 can be
improved, if one considers a Borel-Moore homology theory instead of a weak homol-
ogy theory. For example, one can replace “smooth” with “l.c.i.” in theorem 4.4.7,
yielding the following result:

THEOREM 7.1.5. Let k be a field. Let A, be an oriented Borel-Moore homol-
ogy theory on Schy. Assume A, is generically constant and has the localization
property.

Let X be a reduced finite type k-scheme. Assume that, for each closed integral
subscheme Z C X, we are given a projective birational morphism Z — Z with Z
reduced and in Lcig. Let Xq,..., X, be the irreducible components of X, and let a
be in A.(X). Then for each integral closed subscheme Z C X with codimxZ > 0,
there is an element wyz € Ax_gim, z(k), all but finitely many being zero, such that

a—Zdegi(a)~[)~(i—>X]: Z wz[Z — X].
i=1 Z, codimx Z>0

Similarly, corollary 4.4.8 can be modified as follows:

COROLLARY 7.1.6. With the assumptions as in theorem 7.1.5, suppose that
each irreducible component X; is in Lciy.

(1) Let f: Y — X be a projective morphism with Y in Lcig. Then for each
integral closed subscheme Z C X with codimxZ > 0, there is an element
wz € As_dim,z(k), all but finitely many being zero, such that

[fiYHX]*Zdegi(f)'[XiﬂX]: Y. wilZ - X

Z, codimx Z>0

(2) Let f: Y — X be a projective birational morphism, with Y in Lcig. Then,
for each integral closed subscheme Z C X with codimx Z > 0, there is an
element wz € As_gim, z(k), all but finitely many being zero, such that

[f:Y_>X]:22[&-&(]4r > wz-[Z2 - X).

i Z, codimx Z>0

Here, if Y is an l.c.i. k-scheme and f : Y — X is a projective morphism, we
write deg;(f) for deg;([f : Y — X]).

For example, if k is perfect, X is in Smy and has dimension at most four over k,
then, as one has resolution of singularities for finite type k-schemes of dimension at
most two, and since each codimension one subvariety of X is an l.c.i. k-scheme, we
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may apply these two results without having resolution of singularities for arbitrary
finite type k-schemes.

Also, suppose as in corollary 7.1.6 that X is a reduced finite type k-scheme
such that the irreducible components X1, ..., X are all in Lcig. Let d; = dimy X;.
We have the map pf : A,_q4,(k) — A.(X) defined by

pi(a) =a-[X; — X].
Letting A, (X) be the kernel of the total degree map
[Tdeg: : Au(X) — @5 Aua,(k),
i

the maps p; define the splitting

(7.1.1) A X) = A X)® D] _1 Ay, (k).
7.2. Pull-back in Borel-Moore homology theories

As algebraic cobordism is already universal as a Borel-Moore weak homology
theory, the main point we need to resolve is the universal nature of the pull-back
maps we have defined for €Q,.

7.2.1. Divisor classes. Let A, be an oriented Borel-Moore homology theory
on V. Restricting A, to Smy, we have by proposition 5.2.1 the associated ori-
ented cohomology theory A* on Smy. In particular, there is a formal group law
(Fa, A*(k)), Fa(u,v) € A*(k)[[u,v]], such that, for X in Smy, and for line bundles
L, M on X, we have Fa(c1(L),c1(M)) = c1(L®M). Considering A, as an oriented
Borel-Moore homology theory, this gives the identity of endomorphisms of A, (X)

Fy(e1(L),c1(M)) =& (Lo M).
Also, since (Fa, A.(k)) is a formal group law, there is a canonical ring homomor-
phism ¢4 : L, — A*(k) with ¢A(F]L) = Fy.
In particular, given positive integers nq,...,n,, we may form the power series
with A, (k)-coefficients

M1y R
rm (U1, . Up)a =11 F, UL Py o FF, N Fy U,
and F7" " (ug,...,up)a with
ML yeeey e _ J rni,...,n
Fm (ug,...,up)a = E u’ F; "(Upy . U A,
J, 1J11<1

by the methods of §3.1.1 (see also §6.1.4).
If £ = ZZ=1 n; F; is a strict normal crossing divisor on some W € Smy, let
i:|E] — W denote the closed subscheme (not necessarily reduced) defined by E.

We have the inclusions of the faces 1/ : E/ — |E|, and we may define the class
[E — |Ella € A«(|E]) by

[E—=[BElla:= Y J(FE" (" Ow(Er),...,." Ow(E,)]a),
Ji |1J]1<1
where [F7V " (07*Ow (E4), ..., .”*Ow (E,)]a denotes the element
Epomr (& (0 Ow (Er)), ..., e Ow (By)) (1) € Al(EY).
If i : |E| — W is the inclusion we write [E — W], for i.([E — |E|]a).
LEMMA 7.2.1. [E— W]a =& (Ow(E))(1w).
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Proor. For A, = (,, this is proved in proposition 3.1.9. One can either
repeat the proof, replacing 2, with A, throughout, or use the universality of €2, as
an oriented Borel-Moore homology weak theory (theorem 4.1.11): if ¥4 : Q. — A,
is the natural transformation of oriented Borel-Moore homology weak theories on
Smy, Ja(f : Y — X) = f.(1£), then it is easy to check that 94([E — W]q) =
[E — W]a. As ¥4 interwines the respective Chern class operators, the formula for
Q, implies the formula for A,. O

PROPOSITION 7.2.2. Let A, be an oriented Borel-Moore homology theory on V.
Let W be in Smy, and let E be a strict normal crossing divisor on W. Then

[E = |E[Ja =15
in A (|E]).

ProoF. Write E = Y_!_, n;E;, with E; irreducible. Note that |E| is an Lc.i.
scheme over k, so we have a fundamental class 1. Using Jouanoulou’s trick and
the homotopy invariance of A,, we may assume that W is an affine scheme. Thus,
the line bundles Oy (F;) are all very ample, hence there are morphisms f; : W —
PY (for N sufficiently large) with E; = f(Xx = 0), Xo, ..., Xy being the standard
homogeneous coordinates on PV. Let f = (fi,...,fr) : W — (PY)" := W, and
let E; be the subscheme p!(Xy = 0), where p; : (PN)" — PV is the projection
on the ith factor. Let E = Y.7_ n;E;. Then f~(|E|) = |F| and f*(E) = E.
Letting fg : |E| — |E| be the restriction of f, fg is the Tor-independent pull-
back of the l.c.i. morphism f by the regular imbedding |E| — (PN)", hence fg is
an l.c.i. morphism. It follows from the functoriality of the fundamental class that
fE(15) = 1jp). Similarly, 1gs = f5(15,) and

[F70 " (W *Ow (B, . " Ow (B a
= fE([E7 " (T Op (B, ..ot O (B ).

Thus, f5([E — |E||4) = [E — |E|]a. Therefore, it suffices to prove the result for
W= PN, E=3"_, nip;(Xy = 0). In this case, applying the axiom (CD), the
map iy : AL (|E]) — A.(W) is injective, where ¢ : |E| — W is the inclusion, so it
suffices to show that

i([E — |El]a) = is(p)-
By proposition 5.1.12 and lemma 7.2.1, both sides are ¢;(Ow (E))(1w ), whence the
result. (]

7.2.2. The deformation diagram revisited. In this section, we show that the
method used to define the Gysin morphism for algebraic cobordism is compatible
with the pull-back in an Borel-Moore homology theory A.,.

Let ¢+ : Z — X be a regular imbedding in V. We refer to the deformation
diagram (6.5.1) and retain the notations involving that diagram.

It follows from the next lemma and the condition (5.1.1) that all the schemes
in the above diagram are in V.

LEMMA 7.2.3. The map i : (Z xPYY — U is a regular imbedding.

PrOOF. The assertion is local on X, so we may assume that X is affine,
X = Spec R, and that Z is a complete intersection, defined by a regular sequence
fos- -, fn. We may also replace P! with A! := P!\ oco.



7.2. PULL-BACK IN BOREL-MOORE HOMOLOGY THEORIES 181

Let k[yo,...,yn] be a polynomial ring, and consider the k-algebra homomor-
phism ¥ : k[yo,...,yn] — R defined by sending y; to f;. Since fo,..., fn is a
regular sequence, 1 is a flat extension, at least after inverting some element z € R
outside (fo,..., fn). Since a flat extension of a regular imbedding is still a regular
imbedding, we see that it suffices to prove the result for X = Speck[yo, ..., yn]
and Z the subscheme defined by the maximal ideal (yo,...,yn). Letting ¢ be the
standard coordinate on A!, Z x 0 is a complete intersection in X x A!, defined by
the regular sequence yq, ..., yn,t.

We therefore have the identification of W with the subscheme of X x A! x PN+1
defined by the equations

Xiy; — Xy =0,0<4,j<N

Xit—XN+1yi :0, 0 S ) S N,
where X, ..., Xn41 are standard homogeneous coordinates on PV+!. Also, we
have noted in lemma 3.2.1 that (X x 0) is the subscheme defined by Xni1 =
0. This gives the description of U as the subscheme of AN x A! x AN+l —
Specklyo, ..., yn,t, o ..., zy| defined by the equations

xiyj —iji = 0, 0 S ’L,] S N
Clearly, this gives an isomorphism U 2 Spec k[t, o, . . ., #x], and identifies (Z x Al)

with the subscheme defined by the ideal (zq,...,zy), showing that (Z x Al) — U
is a regular imbedding. O

PROPOSITION 7.2.4. Let A, be an oriented Borel-Moore homology theory on V,
and let iz : Z — X be a regular imbedding in V. Form the diagram (6.5.1) and
take n € A.(X). Suppose there is an element 7 of A,1(U) such that i7*(77) = 7.
Then

q*(iz(n) = iy (7).

PROOF. Let ig : Z — (Z x P') be the inclusion of the fiber over 0 € P!, and
let i1 : Z — (Z % P!) be the inclusions of the fiber over 1 € P'. Let 7 = 7*(7).
Then i} (1) = i% (i* (7)) = i%(n). By the homotopy property (EH) for A,, we have
iy (1) =45(7) = i%(n). But if(r) = s*(i3(7)) and ¢*s* =1d, so

q*(iz(n)) = ¢"i5(7)
=q"s"(iy (7))
=iy (7).
([l

We can also use the deformation diagram to compute 7% of a special type of
element.

LEMMA 7.2.5. Let i : Z — X be a regular codimension one imbedding, and
let f:Y — X be a projective morphism of finite type k-schemes. Suppose that
fY)C Z and that Y is l.c.i. over k. Then

*(fo(ly)) = &a1(i0x(2))(fZ (1y)),
where fZ2 1Y — Z is the map induced by f.
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PROOF. We use the diagram (6.5.1). The map f# gives the map fZ x Id :
Y x P! — Z x P1. Mapping Z x P! to U by identifying with (Z x P1), we have
the map f : Y x P! — U. Clearly f,(lyyp1) is an element 7j of A,(U) with
i7*(7) = f«(1y). By proposition 7.2.4, we have

q*(iz(f(y))) = iy (7).

Since 1y «p1 = pi(ly), we have

iv (1) = s«(f+(1y))-

Since s* and ¢* are inverse, we thus have

iz(f(ly)) = s"s.(f:(1y)),
and the right-hand side is & (i%O0x(2))(fZ(1y)), by definition. O

7.2.3. Algebraic cobordism. We are now ready to prove the main universality
results.

PROOF OF THEOREM 7.1.1 AND THEOREM 7.1.2. It follows from theorem 4.1.11R
that Q, has the structure of an oriented Borel-Moore weak homology theory on V
and is in fact the universal such theory. From the results of §6.5, we have pull-back
maps f* : Q.(X) — Q. q(Y) for each Lc.i. morphism f : Y — X in Schy, satisfying
the axioms (BM1), (BM2) and (BM3). The axioms (PB) and (EH) are already valid
for an oriented Borel-Moore weak homology theory, so we need only verify the ax-
iom (CD). This follows from lemma 5.2.11, as ), satisfies the required localization
property by theorem 1.2.8. Thus, 2, defines an oriented Borel-Moore homology
theory on Schy. By proposition 5.2.1, the restriction of the oriented Borel-Moore
homology theory €1, to Smy defines an extension of the oriented Borel-Moore weak
homology theory €2, on Smy to an oriented cohomology theory 2, on Smy.

The uniqueness of the extension of €2, to an an oriented Borel-Moore homology
theory on V follows from the universality of ), as a Borel-Moore homology theory
on V (theorem 7.1.3, which we prove below). Indeed, suppose the oriented Borel-
Moore weak homology theory 2, on Schy, has a second extension €2, to an oriented
Borel-Moore homology theory on V, with pull-back maps f* for each l.c.i. mor-
phism f :Y — X in Schy. By the universality of {2, as an oriented Borel-Moore
homology theory, there is a unique natural transformation of oriented Borel-Moore
homology theories on V, ¢ : Q, — Q.. But the underlying oriented Borel-Moore
weak homology theory 2, on V is also universal, and both {2, and Q. agree as weak
homology theories, so 1 is the identity transformation, forcing f* = f* for all L.c.i.
morphisms f. The uniqueness of the extension of {2, to an oriented cohomology
theory on Smy, is proved the same way. [

PROOF OF THEOREM 7.1.3. (1) Let V be an l.c.i. closed admissible subcate-
gory of Schy, and let A, be an oriented Borel-Moore homology theory on V. By
theorem 4.1.11, €, is the universal oriented Borel-Moore weak homology theory on
Schy, so there is a unique natural transformation

Ua: Q. — A,

of the underlying oriented Borel-Moore weak homology theories, i.e., ¥4 is com-
patible with projective push-forward, smooth pull-back, Chern class operators and
external products. It thus suffices to show that ¢ 4 is compatible with pull-backs for
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l.c.i. morphisms in V. We use the notation f}, fA, ete., to indicate which theory
we are using.

As ¥4 is already compatible with smooth pull-back, we need only check com-
patibility with respect to regular imbeddings iz : Z — X in V.

It suffices to check that, for f : Y — X in M(X), we have

iza(@a(lf Y — X])) = dalizo(lf : Y — X])).
Note that, as p: Y — Speck is smooth and quasi-projective, we have
P4(19) = Pa(pi(10)) = pa(1a) = 13
Thus
Jallf Y — X]) = 0a(£2(13))
= £113).
Therefore, we need to show

iza(FA08) = 0aliza(f2(11))).

We first reduce to the case of a codimension one regular imbedding by using
the deformation diagram (6.5.1); we retain the notations surrounding that diagram.
Let n = fA(18) and let ng = f2(1%).

As the map p: U — X x P! is an isomorphism over X x P\ Z x 0, we can lift
Ping € Quy1(X xPL) to an element 1y, € Q.1 (U \V). In particular, i¥*(n5,) = na.
Since the (smooth) restriction map

77 g1 (U) = Qe (U V)
is surjective, we can lift nf, to an element 7jq € Q.41(U). Let 77 = ¥4(7jq). Then,
as i7; o pi, = Id, we have
74 (1) = .
We may therefore apply proposition 7.2.4, giving
Ga(iza(@a(fE(1$)))) = iy a(Wa( tildenq)).

On the  side, we similarly have

a6 (iza(f2(13) = ivalia).
Since ¢ is smooth, and ¢%, ¢ are isomorphisms, this reduces us to the case of a
codimension one regular imbedding iz : |Z| — X, where Z is a Cartier divisor on
X.
If f(Y)C|Z|,let f2:Y — |Z| be the map induced by f. By lemma 7.2.5, we

have

iza(f1(19) = &' ((z0x(2)(F24(13))

o (f1(13) = & (i30x (2))(f72(19))-

Since ¥4 is compatible with Chern class operators, push-forward and units 1y for
Y € Smy, we have the desired compatibility in this case. Thus, we have

5 a(0a(iZ.(p)) = Va(iza(i2.(p))
for all p € Q.(Z).
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If f(Y) ¢ |Z|, then there is a projective birational map 7 : Y’ — Y, which is
an isomorphism over X \ |Z|, such that (f7)*(Z) is a strict normal crossing divisor
onY'. As f—(f7) vanishes in Q, (X \|Z|), it follows from the localization sequence

Q(Z) 5 Q.(X) > Q. (X \]Z]) = 0

that f = (f7) + i.(p) for some p € Q,(]Z]), Thus, we may assume that f*Z is
a strict normal crossing divisor on Y with associated codimension one subscheme
iz |f*Z) - Y.

Let fZ :|f*Z| — |Z| be the map induced by f. Since Y is smooth, the maps
f:Y - X and iz : |Z| — X are Tor-independent, hence transverse in Schy. But,
as the diagram

izl Ly
fZJ( Jf

is cartesian, it follows from axiom (BM2) that, for both the theory . and the
theory A, we have

iy (fo(ly)) = fZ(i5-2(1y))
= fZ(1-2))-
By proposition 7.2.2, we have (in both theories)
Lz =[f"Z = |f*Z]].
Thus
(7.2.1) ina(f203) = A2 — 117 2] a),
iza(fEO9) = 292 — |f Zl]a).

Let E be a Cartier divisor on some W € Smy. Since the divisor class [E —
|E|]a € A.(|E]) depends only on the weak homology theory underlying A., we have

Ja([E — |Elle) = [E — [E]]a
This, together with (7.2.1), shows that
ipa(fL() = [EAW0A(fZ — |f Z))0))
=Ja(f72(f 2 = | Z]l0)
= Da(iza(fI1(15))).

This completes the proof of the universality of (), as an oriented Borel-Moore ho-
mology theory on V.

For (2), we use proposition 5.2.1 to reduce the proof to showing that Q, is
the universal oriented Borel-Moore homology theory on Smy; for this, we will use
proposition 3.3.1 as the essential point.

Let A, be an oriented Borel-Moore homology theory on Smy. As above, we
have the unique natural transformation ¥4 : Q. — A, of weak homology theories
on Smy, and we need to show that ¥4 intertwines the pull-back maps g& and g%
for each morphism ¢ : X’ — X in Smy,.
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It suffices to prove the result for g a regular imbedding ¢ : Z — X, and for

elements of Q,(X) of the form [f : Y — X], f € M(X). By proposition 3.3.1, we
need only consider maps f which are transverse to ¢ in Smy. Form the cartesian

diagram
Y
Jf

— X

7

7

—

~h

~hy
«—

N

Using axiom (BM3), we have
io(f Y = X) =ig(f2(13))
= fi509))
= f(1y).
Similarly, as 9a(f : Y — X) = fA(1%}), we have
5 (0a(f) = F113).
Thus, as 94 is compatible with push-forward and units, we have

Dalia(f)) = ia(Walf)),
as desired. [l

7.3. Some applications

Having extended €2, to an oriented Borel-Moore homology theory on Schy
(assuming k admits resolution of singularities), we are able to extend some of the
main applications of the theory from smooth varieties to l.c.i. schemes over k. For
most of this section, k will be a field of characteristic zero, although the results of
§7.3.1 and §7.3.2 are valid over an arbitrary field.

7.3.1. Chern classes and Conner-Floyd classes. Let A, be an oriented Borel-
Moore weak homology theory on an admissible V C Schy. In proposition 4.1.15 we
showed how to define Chern class operators ¢;(E) : Au(X) — A._;(X),i=0,...,n,
for each rank n vector bundle E — X, X € V), satisfying the standard properties.
Also, given a sequence 7 = (7;) € [[;=, Ai(k) with 70 = 1, we defined in proposi-
tion 4.1.20, for each vector bundle F — X, X € V), a degree zero endomorphism
ﬁT t A (X) — A (X), with properties listed in that lemma.

Now let A, be an oriented Borel-Moore homology theory on an admissible
V C Schy. Exactly the same construction gives the Chern class operators ¢;(E) :
A (X) — A,_i(X) for E — X a vector bundle on X € V, and, given a sequence T

as above, the degree-zero endomorphisms Td.. 1(E) of A.(X). These satisfy exactly
the same properties as in the case of the weak homology theory, with the added
property of functoriality with respect to l.c.i. pull-back. For the sake of precision,
we list these properties here:

LEMMA 7.3.1. Let A, be an oriented Borel-Moore homology theory on V. Then
the Chern classes satisfy the following properties:
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(0) Given vector bundles E — X and F — X on X €V one has
¢i(E) o ¢j(F) = ¢;(F) o &i(E)

for any (i, 7).

(1) For any line bundle L, ¢ (L) agrees with the one given in aziom (PB)
applied to A,.

(2) For any l.c.i. morphismY — X € V, and any vector bundle E — X over
X one has

G(fTE)o f* = f"o&(E).
(3) If0 - E' - E — E" — 0 is an exact sequence of vector bundles over X,
then for each integer n > 0 one has the following equation in End(A.(X)):

in(E) = Z Gi(E) en_i(E").

(4) For any projective morphism'Y — X in V and any vector bundle E — X
over X, one has

feo&i(f*E)=¢(E) o fi.
Moreover, the Chern class operators are characterized by the properties (0)-(3).

LEMMA 7.3.2. Let A, be an oriented Borel-Moore homology theory on V and
let = (1) € I A;(k), with 1o = 1. Then one can define in a unique way, for
each X €V and each vector bundle E on X, an endomorphism (of degree zero)

Td, (E) : A(X) — A(X)

such that the following holds:
(0) Given vector bundles E — X and F — X one has

Td, (E)oTd, (F)="Td, (F)oTd, (E).
(1) For a line bundle L one has:

—~ 1

Td, (L) =Y &(L)' =

i=0
(2) For any l.c.i. morphismY — X in'V, and any vector bundle E — X over
X one has
—~—1 —~ —1
T, (FE)o f = £ o Td, ().
(3) If0 - E' — E — E" — 0 is an exact sequence of vector bundles over X,

then one has:

Td. ' (E) = Td. (E')oTd. (E").

T

(4) For any projective morphism'Y — X in V and any vector bundle E — X
over X, one has

J.oTd, (fE)=Td, (E)o f..
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REMARK 7.3.3. If E — X is a vector bundle on an l.c.i. k-scheme X in V, we

~ 1
may evaluate the operators ¢;(E) or Td, (E) on lx, yielding the Chern classes
¢;(E) € AY(X) and the total inverse Todd class (or Conner-Floyd class) T'di.(E) €
AY(X).

It follows directly from the two lemmas above that the Chern class operators

—~ 1

¢;(F) and the inverse Todd class operator Td,_ (FE) depend only on the class of E
in K°(X).

As in example 4.1.22, we consider the “universal” example: Let A, be a Borel-
Moore homology theory on V, let Z[t] := Z[t1,t2,. .., tn,...], with ¢; having degree
i, and consider the Borel-Moore homology theory X — A, (X)[t] := A.(X) ® Z[t].
Let t be the family (1,¢1,t2,...). For each line bundle . — X, X € V, we thus
have the automorphism

Td, (L)=> &(L)'t; : Au(X)[t] — A(X)[t]

—~ -1
and for each vector bundle E — X the automorphism Td, (F), which we expand
as

Tde (B)= 3 Copmprnn (EYE ot
(n1,n2,...)
As in loc. cit., we call the endomorphisms €y, n,,....n, (E) the Conner-Floyd Chern
class endomorphisms for E. For X an l.c.i. k-scheme, we have as well the Conner-
Floyd classes

Cnynayenn (B) 7= Cnyna,on, (B)(1x) € Ad—Ei ing (X)),
d= dika.
We write & (E) or ¢ (E) if we need to specify A.

N1,N2,. Ny T1,MN2,e e e

7.3.2. Tuwisting a Borel-Moore homology theory. We extend the twisting con-
structions of §4.1.9 from oriented Borel-Moore weak homology theories to oriented
Borel-Moore homology theories, and from smooth k-schemes to l.c.i. k-schemes.

Let f: Y — X be an l.c.i. morphism. Choose a factorization of f as f = qi,
with ¢ : Y — P a regular imbedding and ¢ : P — X a smooth morphism. We have
the relative tangent bundle T, — P, defined as the vector bundle whose dual has
sheaf of sections the relative differentials Q%, /X Letting Z be the ideal sheaf of Y
in P, we let N; — Y be the bundle whose dual has sheaf of sections Z/Z2. We let
[N¢] € K°(Y) be the class N; —i*T,. It is easy to see that [Ny] is independent of
the choice of the factorization of f.

If X = Speck, we write [Ny] for [N¢], and set [Ty] := —[Ny]. If f: Y — X is
an arbitrary morphism of l.c.i. k-schemes, define the virtual tangent bundle of f by
[T4] = [Ty] — f*[Ix] € K°(Y).

Given a Borel-Moore homology theory A, on V, and a family 7 as in the
previous section §7.3.1, we may twist A, by 7, forming the Borel-Moore homology
theory AiT) with the same push-forward maps as A,, and with

~ -1
[y =Td, ([Ng])o f
for an l.c.i. morphism f. For a line bundle L — X, one has the Chern class operator

&7(L) = Td, (L) o & (L).
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One easily checks that this does define an oriented Borel-Moore homology theory
on V.

We can extend the second construction given in 4.1.9 from V C Smy to V C Lci.
We have the Todd class operator

Td.(E) == Td, (~[E)) = (Td, (E))™".

Define the Borel-Moore homology theory AI on V as having the same l.c.i. pull-
backs as A,, with push-forward

Ii=feo ﬁT([Tf])
for f: Y — X projective. The Chern class operators are given by
(L) =&(L) o Td-(~L) = &7(L)

for each line bundle L — X, X € V.
As in lemma 4.1.23, the isomorphisms

Td, ([Tx]) : A7 (X) = AT(X)

determine an isomorphism of oriented Borel-Moore homology theories A&T) — A]
on V C Lci.

7.3.3. Operations on ),. For the remainder of this section, we assume that k
admits resolution of singularities.

Take V = Lcig, and consider the universal twisting Q.[t]* of Q.. By the
universality of €., we have a canonical transformation of Borel-Moore homology
theories

9N Q, — Q.[t]*,

which we expand as

o = Y St

I=(n1,...,np,...)

The individual terms Sq,, . n) @ Q — Qu_p, n = >, in;, are the Landweber-
Novikov operations defined in example 4.1.25; our extension of XV to the setting
of Borel-Moore homology theories has just verified that the Landweber-Novikov
operations are natural with respect to l.c.i. pull-back.

Taking V = Schy, and using the other twisting Q. [t]*), we have the natural
transformation 92N : Q, — Q,[t]® of homology theories on Schy. Using the
canonical transformation €2, — CH,, we have the natural transformation

9°F . Q, — CH,[t]®.

Expanding 9¢F as
9CF — Z CF
I

defines the tranformations cgan :Q = CHi—p, n =3, in;.
Explicitly, we have

LEMMA 7.3.4. Let m : Y — Speck be an l.c.i. k-scheme. For f : Y — X a
projective morphism with X € Schy, we have

ot (Y = X]) = FER( L, (INY])).

MN1s--ey N1y N
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PRrROOF. Note that 1y = 7*(1) by definition, and [f : Y — X] = f.(1y). Thus,

since ¢ is a natural transformation of oriented Borel-Moore homology theories,
we have
IH(f Y — X]) =997 (f2(m(1))
CH,[t]® ,
= £ (e o (1)
=D FME (N D (e (1)
I
=D S (I
I
Equating the coefficients of ¢! - ... - % yields the result. O

The same proof shows that, for l.c.i. k-schemes X and Y and a projective
morphism f:Y — X, we have

(730)  Supn (F 1Y = X]) = S22 (IN]]) € (X).

Let P(x1,...,zq) be a degree d weighted-homogeneous polynomial with coeffi-
cients in a commutative ring R, where we give x; degree 7. Let m : X — Speck be
a projective l.c.i. k-scheme of dimension d over k. Define P(X) € R by

P(X):= deg(P(c?H7 .. ,chH)([NX])).

Here deg : CHo(X)®R — R is map induced by the composition of the push-forward
7. : CHo(X) — CHg(k) followed by the canonical isomorphism CHg(k) = Z.

Using lemma 7.3.4, the same proof as for lemma 4.4.19 yields the following
result.

PROPOSITION 7.3.5. Let P(x1,...,24) be a degree d weighted-homogeneous
polynomial with coefficients in a commutative ring R, with x; having degree i. There
is a unique homomorphism

PQZQd—>R

with Po(m.(1x)) = P(X) for each projective l.c.i. k-scheme m : X — Speck of
dimension d over k.

7.3.4. Degree formulas for Q.. For the remainder of this section, k will be a
field of characteristic zero. We can now extend many of the results of §4.4.3 and
84.4.4 from smooth k-schemes to l.c.i. k-schemes.

Let m : X — Speck be a projective l.c.i. k-scheme of dimension d over k. We
write [X] € Qq(k) for m.(1x); this agrees with the notation we have used for X
smooth and projective over k.

For X a projective purely d dimensional k-scheme, we have the ideal M (X)
of Q. (k), defined as the ideal generated by the classes [Y] € Q. (k), for those YV
smooth and projective over k, of dimension < d, for which there is a morphism
f:Y — X over k (see §4.4.2). More generally, if X is locally equi-dimensional over
k, define M (X) as the ideal generated by the M (X;), as X; runs over the connected
components of X.

With these notations, theorem 4.4.15 generalizes to
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THEOREM 7.3.6. Let k be a field of characteristic zero. Let X andY be reduced
projective l.c.i. k-schemes and let f :' Y — X be a morphism. Suppose that X is
irreducible. Then one has

[Y] —deg(f) - [X] € M(X).
The proof is exactly the same as for theorem 4.4.15.

REMARK 7.3.7. Let X be a finite type k-scheme of dimension d over k, and let
7 be an arbitrary element of Q,(X). It follows from the generalized degree formula
(theorem 4.4.7) applied to A, = Q. that Q,(X) is generated as an 2, (k)-module
by classes of the form f:Y — X € M(X), with dim;Y < d. Thus M(X) is the
ideal in ,(k) generated by the classes [Y], where Y is a projective l.c.i. k-scheme
of dimension < d for which there is a morphism f:Y — X.

Recall from §4.4.3 the Z-valued characteristic class sq and the [F)-valued char-
acteristic classes tq4,,, d = p” — 1. By lemma 7.3.4 and proposition 7.3.5, these
characteristic classes extend uniquely to projective l.c.i. k-schemes Y by the formu-
las

sq(Y) := % deg(Sq(ci, - .-, cqa)([Ny)])),
tar(Y) :=deg(tar(c1,--.,car)([Ny])),

and these functions uniquely define homomorphisms
53 Qu(k) — Z,
tﬁr : Qgr(k) — Fp,
with 54(Y) = s ([Y]) and tq,(Y) = ¢ ,.([Y]) for all projective l.c.i. k-schemes Y.

Noting these remarks, the proofs of theorem 4.4.23 and theorem 4.4.24 yield
the following extensions of these results to l.c.i. schemes:

THEOREM 7.3.8. Let f : Y — X be a morphism of reduced projective l.c.i.
k-schemes, both of dimension d, with X irreducible. Suppose that d = p™ — 1 for
some prime p and some integer n > 0. Then there is a zero-cycle n on X such that

5a(Y) — (deg f)sq(X) = deg(n).

THEOREM 7.3.9. Let f : Y — X be a morphism of reduced projective l.c.i.
k-schemes, with X irreducible. Suppose both X and Y have dimension rd over k,
where v > 0 is an integer and d = p™ — 1 for some prime p and some integer n > 0.
Suppose in addition that X admits a sequence of surjective morphisms to reduced
finite type k-schemes

X:X0—>X1 —>...—>X7-_1 —>X,.=Speck
such that:
(1) Fach X; is in Leig and dimgX; = d(r — 7).
(2) Letn be a zero-cycle on X; X x,,, Speck(X;4+1). Then p|deg(n).
Then

i+1

td,?" (Y) = deg(f)td,r(X)'



APPENDIX A

Resolution of singularities

We recall a version of the well-known theorem of Hironaka [11]:

THEOREM A.l. Let k be a field of characteristic zero. For a rational map
f Y — X of irreducible k-varieties, let Sing f denote the closed subset of Y of
points at which Y is not smooth over k, or at which rational map f:Y — X is not
a morphism. Then there is a projective birational morphism p:Y' — Y such that

(1) Y is smooth over k.

(2) The induced birational map fop:Y' — X is a morphism.

(3) The morphism p can be factored as a sequence of blow-ups of Y along
smooth centers lying over Sing f.

For instance, taking f = Idy : Y — Y, one has the result that there is a
sequence of blow-ups of Y along smooth centers lying over Sing Y which resolves
the singularities of Y.

Throughout this paper, we have used the phrase “k admits resolution of sin-
gularities” to mean that, at the least, the conclusion of theorem A.1 is valid for
varieties over k. There are two additional results that we will require to be valid
when we say that k admits resolution of singularities. For lack of a suitable refer-
ence in the literature, we prove these results for a field of characteristic zero here.
We are indebted to D. Cutkosky for supplying the arguments given below.

THEOREM A.2. Let X be a smooth quasi-projective variety over a field k of
characteristic zero, let D be a strict normal crossing divisor on X, and let S be a
reduced and irreducible codimension one subscheme of X. Let V' be an open subset
of X containing each generic point of |D+S| such that VN (D+S) is a strict normal
crossing divisor on' V. Then there is a sequence of blow-ups of smooth centers lying
over X \'V,

X'=X,—-...- X=X

such that, letting E; be the exceptional divisor of X; — X, and Dj;, S; the proper
transforms of D, S to X;, E;+ Dj is a strict normal crossing divisor for all j, and
E,. + D, + S, is a strict normal crossing divisor on X'.

PRrROOF. This is a special case of [11, Theorem Iév’”, pg. 170], where, in the
notation of that result, we take N = dimp X, n = N — 1, and (%JIV’NA, U) is the
resolution datum ((|D|; X;S), V). O

COROLLARY A.3. Let X be a quasi-projective variety over a field k of charac-
teristic zero, and let D and D’ be effective divisors on X, with D’ a strict normal
crossing divisor on X. Let U be a smooth open subscheme of X, containing each
generic point of |D+ D’|, such that (D+ D")NU is a strict normal crossing divisor

191
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on U. Then there is a sequence of blow-ups of smooth centers lying over X \ U
X, — ... Xo=X

such that, letting F be the exceptional divisor of u : X, — X and D,., D.. the proper
transform of D to X, E+ D, + D!, is a strict normal crossing divisor on X,.. If X
is smooth, we may take U such that X \U C |D + D'|. In this case, E is supported
in p*(D+D"), and we may take the sequence of blow-ups so that, letting E; be the
exceptional divisor of X; — X and D, the proper transform of D" to X;, Ej + D),
is a strict normal crossing divisor on X; for all j.

PROOF. We note that |D’| is contained in the smooth locus of X. By resolving
the singularities of X via a sequence of blow-ups of smooth centers lying over Xging
[11, Main Theorem I*, pg.132], and taking the proper transforms of D and D’,
we reduce to the case of a smooth X. We may assume that D is reduced; write
D=3%", D? with the D? irreducible. We proceed by induction on m.

Let D* = Z::ll D?. Assuming the result for m — 1, we have a sequence of
blow-ups as above such that E, + D} + D! is a strict normal crossing divisor, and
E; + D;» is a strict normal crossing divisor for all j. Replacing X with X,., D with
the proper transform of D™, and D’ with E, + D} 4+ D.., we reduce to the case

9

m = 1, which is theorem A.2. O

We conclude this appendix with the statement of the result on weak factoriza-
tion that we will need.

CONJECTURE A.4 (Weak factorization). Let u : Y — Y be a projective bi-
rational morphism in Smy. Then there is a commutive diagram of projective Y -
schemes, with each Y € Smy,

WAVERWVAN

Yn—l Yn+1 =Y

\w//

“w

such that each slanted arrow is the blow-up of the base along a smooth (over k)
subscheme.

This conjecture is consequence of the main result of [1] in case k has charac-
teristic zero; in case the conjecture is true for a given field k, we will say that k
admits weak factorization.
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