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INTRODUCTION

The notion of oriented cohomology has been introduced, in various forms and
in various settings, in the work of Panin [10], Levine-Morel [6], and others. A
related notion, that of oriented Borel-Moore homology appears in [6]. Mocanasu
[7] has examined the relation of these two notions, and, with a somewhat different
axiomatic as appearing in either [6] or [10], has given an equivalence of these two
theories, the relation being that the cohomology with supports in a closed subset
X of a smooth scheme M becomes the Borel-Moore homology of X.

Our main goal in this paper is to tie all these theories together. Our first step is
to extend results of [10], to show that an orientation on a ring cohomology theory
gives rise to a good theory of projective push-forwards on the cohomology with
supports. This extension of Panin’s results allows us to use the ideas and results
of Mocanasu, which in essence show that many of the properties and structures
associated with the cohomology of a smooth scheme M with supports in a closed
subset X depend only on X; we require resolution of singularities for this step. We
axiomatize this into the notion of an oriented duality theory, which one can view
as a version of the classical notion of a Bloch-Ogus twisted duality theory. The
main difference between a general oriented duality theory (H, A) and a Bloch-Ogus
theory is that one does not assume that the Chern class map L — ¢;(L) satisfies
the usual additivity with respect to tensor product of line bundles:

(L@ M) =ci (L) + e (M).
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This relation gets replaced with the formal group law Fa(u,v) € A(Speck)|[u,v]]
of the underlying oriented cohomology theory A, defined by the relation

(L ® M) = Fa(cr(L), e (M)).

In fact, the Chern classes ¢1(L) and formal group law F4 are not explicitly given
as part of the axioms, but follows from the more basic structures, namely, the
pull-back, projective push-forward and the projective bundle formula.

We conclude with a discussion of the two theories which form our primary
interest: the theory of algebraic cobordism 2, of [6], and the bi-graded theory
MGL™*, also known as algebraic cobordism, but defined via the algebraic Thom
complex MGL in the Morel-Voevodsky motivic stable homotopy category SH (k)
(see [12]). Assuming that k& admits resolution of singularities, we show how one
may apply our general theory to MGL™*, giving rise to an associated oriented
Borel-Moore homology theory MGL;’*, which together form an oriented duality
theory (MGL, ,, MGL™"). Concerning 2., we show how this theory comes with a
canonical “classifying map”

19H 1 — HZ*,*
for each bi-graded oriented duality theory (H, A). Taking the case (MGL!,

s MGL™Y),
we achieve an extension of the natural transformation 9MCGY : QO* — MGL?**, dis-

cussed in [6], to a natural transformation
'19MGL : Q* — MGLIQ*’*

We conjecture that o is an isomorphism, extending the conjecture of [6] that 9MGL
is an isomorphism, and we outline a program for proving this conjecture. In fact,
the extension of the conjecture of [6], and how this extension to the setting of Borel-
Moore homology could lead to a proof of the conjecture, is the main motivation
behind this paper.

In the first section, we review Panin’s theory of oriented ring cohomology and
show how his method of defining projective push-forwards for oriented ring coho-
mology extends to give projective push-forwards for cohomology with supports. In
section 2, we recall Mocanasu’s theory of algebraic oriented cohomology, giving a
modified version of this theory, and show that the projective push-forward with
supports defined in section 1 endows an oriented ring cohomology theory with the
structure of an algebraic oriented cohomology theory. In section 3 we introduce the
notion of an oriented duality theory and show that an oriented ring cohomology
theory extends uniquely to an oriented duality theory. In the last section, we apply
our results to MGL™", construct the classifying map ¥g : Q. — Ha. ., and discuss
the conjecture that Yyqr, is an isomorphism.

1. INTEGRATION WITH SUPPORT

Panin has made a study of properties of oriented ring cohomology theories, show-
ing how a good theory of Chern classes of line bundles gives rise to push-forward
maps for projective morphisms (he calls this latter structure an integration). For
our purposes, we will need push-forward maps for projective morphisms of pairs,
so we need to extend Panin’s theory a bit. Fortunately, the extension is mainly a
matter of making a few changes in the definitions, and noting that most of Panin’s
arguments extend without major change to the more general setting. In this section,
we give the necessary extension of Panin’s theory.
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We fix a base-field k& and let Sm/k denote the category of smooth, quasi-
projective schemes over k. We denote the base-scheme Spec k by pt. Panin uses the
category SmOPp of smooth open pairs over k, this being the category of pairs (M, U),
M,U € Sm/k, with U C M an open subscheme. A morphism f: (M,U) — (N,V)
is a morphism f: M — N in Sm/k with f(U) C V.

Let SP denote the category with objects (M, X), with M € Sm/k and X C M
a closed subset; a morphism f : (M, X) — (M,Y) in SP is a morphism f : M — N
in Sm/k such that f~1(Y) C X. We call SP the category of smooth pairs.

Remark 1.1. The reader should take care that a morphism (M, X) — (N,Y) in SP
is not the same as a morphism of pairs, this second notion being, as in topology,
just a morphism f: M — N with f(X)CY.

The categories SmOp and SP are seen to be isomorphic by sending (M,U) €
SmOp to (M,M\U) € SP. We will use throughout SP instead of SmOp. We
have the inclusion functor ¢ : Sm/k — SP sending M to (M,M) and f: M — N
to the induced map f : (M, M) — (N, N).

As our intention here is to add support conditions to Panin’s theory, and this
requires some additional commutativity conditions not imposed in [10], we will
add the simplifying assumption that a ring cohomology theory will always be Z/2-
graded. We likewise require that the boundary maps in the underlying cohomology
theory are of odd degree and that the pull-back maps preserve degree. Having made
these modifications, we have the following version of Panin’s notion of a cohomology
theory, and a ring cohomology theory, on SP.

Definition 1.2. A cohomology theory A on SP is a functor A : SP°? — Gry/,Ab,
together with a collection of degree 1 operators

aM,X :A(M,X) — A(M\X,M\X)

satisfying the axioms of [10, Definition 2.0.1].

For a smooth pair (M, X), we write Ax (M) for A(M,X), we write A(M) for
AM, M) = Ap (M), and for f: (M,X) — (N,Y) a morphism in SP, we write
f* i Ay (N) — Ax (M) for the map A(f). For a smooth pair (M, X), the identity
map on M induces the “forget the support map” idy, : Ax(M) — A(M). With
these notations, the axioms are:

(1) localization: For each (M, X) € SP,let U =M\ X and let j: U — M be
the inclusion. Then the sequence
AM) 25 A(U) 255 Ay (M) <25 A 2 AU)
is exact.

In addition, the maps Op x are natural with respect to morphisms in
SP: given a morphism f: (M, X) — (N,Y) in SP, the diagram

AN\ Y) 2205 Ay (W)

fl*N\YJ Jf*

AT\ X) 57— Ax(M)

comimutes.
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(2) excision: Let f : M’ — M be an étale morphism in Sm/k, let X C M
be a closed subset and suppose that f : f~}(X) — X is an isomor-
phism (giving X and f~1(X) the reduced scheme structure). Then the
map f: (M, f~%(X)) — (M, X) induces an isomorphism f* : Ax (M) —
Ap1xy(M').

(3) homotopy: For M € Sm/k, the map p* : A(M) — A(M x A') induced by
the projection p : M x A' — M is an isomorphism.

Remark 1.3. One should think of Ax (M) as “A-cohomology of M with support in
the closed subset X”. For example, in case k = C, let

Ax (M) := HREM(M™, Z) & HYS (M™, Z)
where M?" X" are the C points of M, X with the classical topology, and

H;(an (Man, Z) = H* (Man, Man _ Xan, Z)
is the singular cohomology with support. Then (M, X) — Ax (M) defines a coho-
mology theory on SP.

Remarks 1.4. 1. The localization and excision axioms yield a long exact Mayer-
Vietoris sequence. Similarly, if X € X’ C M are closed subsets of M € Sm/k,
putting together the localization sequences for X € M, X’ C M and X'\ X € M\ X
gives the exact sequence of the triple (M, X', X):

Ax/(M) z Axnx(M\ X)

On . x7,x idj
e

Ax (M) 255 A (M) L5 Axn x (M \ X).
See [10, 2.2.3] for details.

2. Let p: V — M be an affine space bundle, X C M a closed subset. Together
with localization and Mayer-Vietoris, the homotopy axiom implies that

p* : Ax(M) — Ap—l(X)(V)
is an isomorphism. Indeed, V' — M is Zariski locally isomorphic to the projection
M x A™ — M.

Definition 1.5. A ring cohomology theory on SP is a cohomology theory A on SP
together with graded maps for each pair of smooth pairs (M, X), (N,Y)
X Ax(M) (9 AY(N) — AXXy(M X N)
and an element 1 € A°’(pt) satisfying the axioms of [10, Definition 2.4.2]:
(1) associativity: (a X b) x ¢ =a x (b x c).
(2) unit: ax1l=1xa=a.
(3) the partial Leibniz rule: Given smooth pairs (M, X), (M, X’), (N,Y), with
X C X', we have the exact sequence of the triple (M x N, X' xY, X xY)
(remark 1.4(1)) with boundary map
OMxN.x'xN.XxN * Axnx)xy (M \ Z) x N) — Axxy (M x N).
We also have the triple (M, X', X), with boundary map
Omxrx  Axnx(M\ X) — Ax(M).
Then
OmxN,x'xN,xxN(axb) =0mx x(a) b



ORIENTED COHOMOLOGY 5

for a € AXI\X(M\X), be AY(N)
We add the axiom
(4) graded commutativity: For a € Ax (M) of degree p and b € Ay (N) of degree
q, and with 7 : N x M — M x N denoting the symmetry isomorphism, we
have
T (a x b) = (=1)P9(b x a).
For smooth pairs (M, X), (M,Y), pull-back by the diagonal gives the cup product
with supports

UAx<M)®Ay(M>—>Ame<M), U= (5}OX.

In particular, A(M) is a Z/2-graded, graded-commutative ring with unit for each
M € Sm/k and Ax (M) is an A(M)-module for each smooth pair (M, X); Ax (M)
is itself a Z/2-graded, graded-commutative ring without unit. The partial Leibniz
rule implies that, for a triple (M, X', X), the boundary map

Omxrx + Axnx(M\ X) — Ax (M)

is an Ax~(M)-module map for all closed subsets X’ C X” C M; more generally,
for any closed X" C M, we have

Om,x'nx xnx(@Ub) =aU 0 x/ x(b) € Axnxr (M)
for a € AXN(M), be AX/\X(M\X)

Remark 1.6. Instead of a Z/2 grading, one can work in the Z-graded or bi-graded
setting. One requires that the pull-back maps f* preserve the (bi-)grading, and
that O is of degree +1 or bi-degree (+1,0).

At various places in the theory, Panin requires various elements to have certain
commutativity properties (see e.g., [10, Definition 2.4.4]); we will replace these
conditions with the condition that these elements have even degree. With these
modifications, Panin defines four structures on a ring cohomology theory A:

(1) An orientation on A is an assignment of a graded A(M)-module isomor-
phism th¥ : Ax(M) — Ax(E) for each smooth pair (M,X) and each
vector bundle F on M, satisfying the properties listed in [10, Definition
3.1.1].

(2) A Chern structure on A is an assignment of an even degree element ¢; (L) €
A¢Y(M) for each line bundle L on M € Sm/k, satisfying the properties
of functoriality, nondegeneracy: a P'-bundle formula, and vanishing for
L = Oy the trivial line bundle on M (see [10, Definition 3.2.1]).

(3) A Thom structure on A is the assignment of an even degree element th(L) €
ASY(L) for each line bundle L on M € Sm/k, satisfying the properties of
functoriality and nondegeneracy: cup product with th(Oys) is an isomor-
phism Uth(Oyr) : A(M) — Apr(M x Al) (see [10, Definition 3.2.2]).

(4) An integration on A is a assignment (f : N — M) — f. : A(N) — A(M)
for each projective morphism f : N — M in Sm/k, satisfying the properties
of [10, Definition 4.1.2] (since we are in the Z/2-graded setting, we require
that f. preserves the grading).

The main result of [10] is that each of these structures gives rise in a uniquely
determined manner to all the other structures, and that each “loop” in this process
induces the identity transformation. Our goal in this section is to extend this result
to a more widely defined integration structure.
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Remark 1.7. In the Z-graded or bi-graded situation one requires that the Chern
class ¢1 (L) or the Thom class th(L) is in degree 2 (in the graded case) or bi-degree
(2,1) (in the bi-graded case), and that the push-forward f, shifts (bi-)degrees

fut AM(N) — A"PAM);  f, : API(N) — APT2Eatd ()

where d is the codimension of f, d = dimy M — dim; N. With these modifications,
one recovers Panin’s main results in the (bi-)graded case.

Let SP’ be the category with objects the smooth pairs (M, X), M € Sm/k,
X C M, where a morphism f : (M,X) — (N,Y) is a projective morphisms of
pairs, i.e., a projective morphism f : M — N in Sm/k such that f(X) C Y. A
morphism f: N — M in Sm/k and closed subsets Z C M and Y C N give rise to
the map

Jr(=)U: Az(M) @ Ay (N) — Aynp-1(z)(N)
sending a ® b to f*(a) Ub, where f* : Az(M) — As-1(z(N) is the pull-back. For
Y C f71(Z), the map f*(—)U makes Ay (N) an Az(M)-module.

Definition 1.8. Let A be a Z/2-graded ring cohomology theory on SP. An inte-
gration with supports on A is an assignment of a graded push-forward map

f* : Ay(N) — Ax(M)
for each morphism f : (N,Y) — (M, X) in SP’, satisfying:
(1) (f og)sx = fx o g« for composable morphisms.
(2) For f : (N,Y) — (M, X) in SP’, and Z a closed subset of M, f, is a
Az(M)-module map, i.e., the diagram

fr(=)u
Az(M) @ Ay (N) ————— Aynf-1(2)(NV)

id®f*J/ lf*

Az(M) ®Ax(M) ﬁAsz(M)

commutes.

(3) Let i : (N,Y) — (M, X) be morphism in SP’ such that i : N — M is a
closed embedding, let g : (M, X) — (M, X) be a morphism in SP. Let
N :=NxyM,Gg: N — N,i: N — M be the projections, and let
Y := 7~ 1(Y). Suppose in addition that N is in Sm/k and the square

1

—

=
=

h
"51\
\-2/1

h
:>/<—|\

=

comimutes.
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(4) Let f:(N,Y) — (M, X) be a morphism in SP, and let py : P" x N - N,
pa P x M — M be the projections. Then the diagram

id
Apnrey (" x N) S 4 (B x M)

pN*l JPI\/I*

AY(N)<f—*AX(M)

commutes.

(5) Given smooth pairs (M, X) and (M,Y) with X C Y, the maps
ld]\/“< : Ax(M) — Ay(M)
and
idy : Ax (M) — Ay (M)
are equal.
(6) Let f : N — M be a projective morphism in Sm/k, let Y C Y/ C N,

X C X' C M be closed subsets, and suppose that f~1(X)NY’' =Y,
Ff(Y") C X’'. Then the diagram

aN,Y’,Y

| lf*

commutes. Here Oy y/y and Oy x/ x are the boundary maps in the re-
spective long exact sequence for the triples (N,Y’,Y) and (M, X', X), and
the push-forward map f. : Ayny (N \Y) — Axn x (M) is the composition

Ayny (N\Y) 25 Ay p (N F71(X0) TV 4 (M X,

Note that an integration with supports on A determines an integration on A by
restricting f. to f. : A(N) — A(M). One has as well a Z-graded or bi-graded
version.

For later use, we give an extension of the properties (3) and (4) of definition 1.8.

Lemma 1.9. Let A be a Z/2-graded ring cohomology theory on SP, with an
integration with supports. Let f : (N,Y) — (M,X) be a morphism in SP’,
g : (MX) (M, X) a morphism in SP. LethNXMMg N — N,
f N — M be the projections, and let Y := f Y(X). Suppose in addition that
there is an open neighborhood U of Y in N such that U x; M is in Sm/k, the
diagram

UX]V[MHM

ﬂ A£

U4>
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is transverse, and the closure U of U xp M in N is smooth. Then the diagram

commutes, where f : U — M is the restriction off and § : U — N is the restriction
of g. 3
In particular, if N is in Sm/k and the cartesian diagram

i
—

>,
=

commutes.

Proof. Factor f : N — M as poi, with ¢ : N — P" x M a closed immersion, and
p: P* — M the projection. The statement for f = p is just definition 1.8(3), so we
need only handle the case of f = ¢ a closed immersion. Also, it suffices to handle
the case X = ¢~ (X).

Set F:= N\U, and let V := M\ F, V := g~*(V)). Then V is a neighborhood of
X in M, and g~1(V) is a neighborhood of X = g HX)in M. Letting U = U x 5, M,
we have the transverse cartesian diagram in Sm/k

U ‘7

gu Ul9g

—

U—V

U
with iy a closed immersion. Definition 1.8(2) gives us the commutative diagram

iU« ~

Ay (U) —= Ax(V)

éET Tgé

Ay (U) o Ax(V)

Now we just use the excision isomorphisms

Ay (U) — Az (U), Ay(N) — Ay (U), Ax(M) — Az (V), Ax(M) — Ax(V)
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and definition 1.8(2) to give the commutativity of

AY/(U)LAX(M)

T

(I

Remark 1.10 (Projection formula). The condition (2) of definition 1.8 is just the
projection formula “with supports”, i.e., that

fo(f (@) Ub) =aU f.(b) € Axnz(M)
fora € Az(M), b € Ay(N) and f : (N,Y) — (M, X) a morphism in SP’. This

axiom may also be stated using the external product instead of the cup product:
Let f: (N,Y)— (M, X),g:(N',Y') — (M’, X’) be morphisms in SP’. Then

(1.1) (f x g)«(axb) = fi(a) x g.(b) € Axxx/(M x M'),

for all a € Ay (N), b € Ay/(N'). Indeed, to recover (2), take g to be id : (M, Z) —
(M, Z), and apply (3) to the transverse cartesian diagram

id,
NN

fJ{ [

M*)(s M x M

and morphism § : (M, X NZ) — (M x M, X x Z).
To see that (2) implies (1.1), since f x g = (f xid) o (id x g), it suffices to handle
the case g = id. From the commutative diagram

N><M’4>M’

fxidl

M x M —— M
we have p5(b) = (f xid)*(p3(b)). Applying (3) to the cartesian transverse diagram

NxM 2N

| Jf

M x M M
and using (2) gives
(f xid)(a x b) = (f x id).(py"(a) U p5'())
= (f xid).(py" (@) U (f x id)"(p5(b)))
= (f xid).(p\"(a)) Up3(b)
=pi(fs(a ) U p5(b)
= fela) x
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To set up a one-to-one correspondence between integrations with support and
the other structures, we rephase the compatibility condition [10, Definition 4.1.3].

Definition 1.11. Let w be an orientation of A and L — ¢;(L) the corresponding
Chern structure on A (given by [10, 3.7.5]). We say that an integration with sup-
ports f — f. on A is subjected to the orientation w if for each smooth pair (M, X)
and each line bundle p : L — M with zero-section s : M — L, the endomorphism

Ax (M) =5 Ay (x)(L) = Ax (M)
of Ax (M) is given by cup product with ¢q(L).

In case X = M, this condition is just saying that ¢1(L) = s*(s.(1)), which the
reader will easily check is equivalent to the condition given in Panin’s definition
[10, Definition 4.1.3].

Our main result is (compare with [10, Theorem 4.1.4]):

Theorem 1.12. Let A be a Z/2-graded ring cohomology theory. Given an orien-
tation w on A there is a unique integration with supports on A subjected to w.

Corollary 1.13. Let A be a Z/2-graded ring cohomology theory. Given an inte-
gration f +— f. on A there is a unique integration with supports on A extending

f.

Proof. Let w be the orientation on A corresponding to f by [10, Theorem 4.1.4].
By theorem 1.12, there is a unique integration with supports ¢ on A subjected to
w. Since the restriction of ¢ to an integration on A (without supports) is subjected
to w, it follows from the uniqueness in [10, Theorem 4.1.4] that the restriction of ¢
to an integration on A is the given one f — f,.. Thus an extension of f — f, to an
integration with supports on A exists.

If now ¢/ is another extension, write the push-forward map for f as f,; note that
fi = f« if we omit supports. Take a € Ax (M) and let p: L — M be a line bundle
with zero section s. Then

s"(s.(s"p"(a) U 1))

s™(p*(a) U s.(1))
=aUs"(s.(1))

aUei(L).

Thus ¢/ is subjected to w, and hence + = ¢ by the uniqueness in theorem 1.12. O

Theorem 1.12 is proven by copying the construction in [10] of an integration
subjected to a given orientation w, making at each stage the extension to an inte-
gration with supports.

Step 1: The case of a closed immersion. Let ¢ : N — M be a closed immer-
sion in Sm/k, Y C N a closed subset and let v — N be the normal bundle of N
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in M. The deformation to the normal bundle ([10, §2.2.7]) gives the diagram

i1

M, M

T

R xAg—N

ﬁYxAUTY.

S L N

From this deformation diagram, we arrive at the maps
Ay (v) <& Ay yur (M) -5 Ay (M),
Lemma 1.14. The maps 1,1} are isomorphisms.

Proof. In case Y = N, this is [10, Theorem 2.2.8]. In general, let U = M \ i(Y),
V =N\Y, let v/ be the normal bundle of V in U, and let U; be the deformation
space constructed from the closed immersion ¢/ : V' — U.

Let j : Uy — My \Y x A, j : v/ — v\ Y be the inclusions. We have the
commutative diagram

*

Ay \Y) 2 Appar (M \ Y x A1) —— Ay (U)

1

Av (V') T— Ay yar (Uy) — Ay (U);

the maps j* and j* are isomorphisms by excision. By [10, Theorem 2.2.8], the
horizontal maps in the bottom row are isomorphisms, hence the horizontal maps in
the top row are isomorphisms as well.

We have the commutative diagram

*

Ap(\Y) 2 Apsar (M \ Y x AY) —— Ay (U)
o o 16)

Ay (1) e Ay op1 (M) ——— Ay (M)

AN (v) e Ay (M) ——— A (M)

-
20

where the columns are the long exact sequences of triples (v, N,Y), (M;, N x A1 Y x
Al) and (M, N,Y). Thus, the case Y = N, our remarks above, and the five-lemma
shows that the horizontal maps in the middle row are isomorphisms, as desired. [



12

MARC LEVINE

Now let X C M be a closed subset containing i(Y"). We have the diagram

Ay (V) <2 Ay nr (My) 2 Ax (M)

with ¢§ an isomorphism. Let

ix: Ay (N) — Ax (M)

be given by the composition

(1.2)

thY iyo(ig -t
Ay (N) 25 Ay () 29 4 ().

Proposition 1.15. Let A be a Z/2-graded oriented ring cohomology theory.

(1)
(2)

()

(6)

Fori: N — M a closed immersion in Sm/k, the map i, : A(N) — A(M)
defined above agrees with the map iqys defined in [10, §4.2].

Leti: N — M be a closed immersion in Sm/k, Y a closed subset of N, X
a closed subset of M such that i(Y) C X. Then for Z C M a closed subset,
ix t Ay (N) — Ax (M) is an Az(M)-module homomorphism (in the sense
of definition 1.8(2)).

Let iy : N — M, iy : P — N be closed immersions in Sm/k, X C M,
Y C N and Z C P closed subsets with i1(X) CY, i2(Y) C Z. Then

(il Oig)* = il* Oig* : Az(P) — Ax(M)

Let Ny, Ny be in Sm/k, and let j; : N; — N := Ny IT Ny be the canonical
inclusions, i = 1,2. Leti: N — M be a closed immersion in Sm/k, let
Y, C N; be a closed subset, i = 1,2, and let X C M be a closed subset
containing i(Y1 I1Y3). Let i be the restriction of i to N;, j =1,2. Then
i* = il* O]T + ig Ojék : AY1HY2(N1 HNQ) — Ax(M)

Leti: (N,Y) — (M, X) be a morphism in SP’ such that i : N — M is
a closed immersion, and let g : (M,X) — (M,X) be a morphism in SP.
Let N := N xy M, g: N — N,i: N — M be the projections, and let
Y .= f=1(Y). Suppose in addition that N is in Sm/k and the square

— M

1

N——mM

is transverse. Then the diagram

7 ~

A (R) — A (1)
Ay (N) — Ax (M)

commutes.
For M € Sm/k with closed subsets Y C X, we have



ORIENTED COHOMOLOGY 13

(7) Leti : (N,Y) — (M, X) be a morphism in SP’ such that i is a closed
immersion. Let M \'Y — M be the inclusion. Then the sequence

Ay (N) LN Ax (M) 7z, Ax\y(M\Y)

18 exact.

(8) Leti: N — M be a closed immersion in Sm/k, Y C Y’ closed subsets of
N, X C X' closed subsets of M such that i~*(X)NY' =Y, i(Y') Cc X'.
Then the diagram

aN,y/,Y

Ayny(N\Y) Ay(N)

81\/I,X’ ,X
commutes.

Proof. (1) follows from the definitions. The proofs of (2)-(7) are exactly as the
proofs given in [10, §4.4] of the analogous statements without support, altered by
adding in the supports in the notation.

For (8), we may replace Y’ with Y’/ Ui~!}(X) and Y with i71(X); changing
notation, we may assume that i ~1(X) =Y. Use (1) and (6) to factor i, : Ay (N) —
Ax (M) as the composition

.
id}y,

Ay (N) 25 Ay (M) =5 Ax (M)
and similarly factor i, : Ayny (N \Y) — Axnx(M \ X) as

Ayny (N\Y) 25 Ayny (M\Y) 2o Axn x (M \ X).

Since the long exact sequence of a triple is natural with respect to pull-back, this
reduces us to the case X =Y, X' =Y.

Panin shows [10, Lemma 3.7.2] that there is a “Thom classes theory” on A,
i.e., for each vector bundle p : E — M, M € Sm/k, an even-degree element
th(E) € Ay (E), such that the orientation isomorphism th¥ : Ax (M) — Ax(E) is
given by the composition

Ax (M) 25 Ay (B) 22EL 4y (B).
The classes th(FE) satisfy additional properties (see [10, Definition 3.7.1]), in partic-
ular, for f: N — M, we have f*(th(E)) = th(f*E). Let p: v — N be the normal
bundle of N in M, and let j : N\ Y — N be the inclusion. Since the boundary
map in the long exact sequence of a triple (M, X', X) is natural with respect to
pull-backs and is an Ax/(M)-module map, this shows that the diagram
i*v

Y/\Y

Ayny(N\Y) ——— Ayny (j'v)

8N.Y’,YJ/ J'au,Y’,Y

Ay(N) th—”> Ay(V)

Y
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commutes. Looking at the definition (1.2) of the Gysin map, this commutativity,
together with the naturality of the long exact sequence of a triple with respect to
pull-back, finishes the proof of (8). O

Remark 1.16. Let i : N — M be a closed immersion in Sm/k, Y C N a closed
subset, X = i(Y). Then

ix: Ay (N) — Ax (M)
is an isomorphism. Indeed,

i =147 0 (i5) "t o thy;
thy is isomorphism by the definition of an orientation, and g, ¢} are isomorphisms
by lemma 1.14.

Step 2: The case of a projection. This portion relies on the formal group law
associated to an oriented theory. We sketch the main points here, following [10,
§3.9].

We recall that an oriented theory A satisfies the projective bundle formula [10,
Theorem 3.3.1]: For M € Sm/k,

A(B™ x M) = AM)[t]/(t")

(with ¢ in even degree) the isomorphism sending ¢ to ¢;(O(1)). Here L — ¢;(L) is
the Chern structure associated to the given orientation.

Remark 1.17 ([10, Corollary 3.3.8]). Using the exact sequences of the pairs (M, X)
and (P x M, P™ x X), the projective bundle formula extends to give an isomorphism
of Ax/(M)-modules (for any closed subset X’ of M containing X)

Apnyx (P x M) 2 Ax (M) @ agar) AM)[1]/(£")
with a ® t* mapping to p3(a) U c1(O(1))%
We set pt := Spec k. Defining
A(P® x M) == lim A(PY x M)
N
(using the system of inclusions PV — PN*! as the hyperplane Xy, 1 = 0), we have
A(P™ x M) = A(M)][[t]].
Similarly,
A(P>® x P x M) = A(M)[[u, v]],
this latter isomorphism sending u to ¢1(piO(1)), v to ¢1(p5O(1)). Thus, there is a
well-defined element F4(u,v) € A(pt)[[u,v]] with

Fa(er(prO(1)), e1(p2(O(1))) = e1(p1O(1) @ p3(O(1)).
By Jouanolou’s trick [4] and functoriality, this gives
Fa(er(L), e (L)) = er (L@ L)

for each pair of line bundles L, L’ on some M € Sm/k. The fact that the set of
isomorphism class of line bundles on M € Sm/k is a group under tensor product
directly implies that F4(u,v) defines a (commutative, rank one) formal group law
over A(pt):

(1) Fa(u,0) = Fa(0,u) = u.

(2) Fa(u,v) = Fa(v,u)
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(3) FA(FA(’LL,’U), ’UJ) = FA(U,FA(U,UJ))
with inverse given by the power series I4(t) € A(pt)[[t]] corresponding to ¢ (O(—1))
under the isomorphism A(P>) 2 A(pt)[[t]].

Remark 1.18. Since ¢;(L) has even degree, all the coefficients of F(u,v) and 14(t)
have even degree, so we actually have a formal group law over the commutative
ring A (pt).

For a commutative ring R, let Q%ﬁ‘t”m = Qrp/rORR[[t]]. Given a commutative
formal group law F'(u,v) € R[[u,v]] over R, there is a unique normalized invariant
differential form wg € Q%[’[Lﬂ]/R. We write wy for wp, € Q%Lv(pt)[[t]]/Aev(pt)' Using
the canonical generator dt for Q% (o) [[8]]/Acw (pt)> WE have

wa= (14 ant")dt = dt + artdt + ...

n>1
with a,, € A%’(pt) (here “normalized” means the first term is dt, i.e., ag = 1).
Definition 1.19. We denote the projection P* x M — M by p”. For a smooth
pair (M, X), define the map
Py Apnyx (P x M) — Ax (M)
by
P (a®@t) = a,_; - a.

Here we use the isomorphism Apny x (P x M) =2 Ax (M) ®@ary AM)[E]/ (")
given by the projective bundle formula, and the canonical AY(pt)-module structure
on Ax(M).

Remark 1.20. If we forget supports, the map p{ agrees with the map pj, ;, defined
in [10, §4.3].

Remark 1.21. Since the coefficients a,, of wy are in A, p? is an Az (M )-module
map for all closed subsets Z C M (in the sense of definition 1.8(2)); in particular,
p is an A(M)-module map.

Remark 1.22. Using the evident modification of the push-forward map p}, we have
maps
pf : AXX]pnxy(M x P™ x N) — Axxy(M X N)
for smooth pairs (M, X) and (N,Y). Since the basis elements in the projective
bundle formula are of even degree, we need not worry about the order of the factors.
Proposition 1.23. Let A be a Z/2-graded oriented ring cohomology theory.
(1) For (M, X) a smooth pair, the following diagram commutes

m

Apnspmyx (P? x P x M) —2 Apny x (P* x M)

pfl lpf

APWLXX(PW X M) p—m> AX(M)
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(2) Let f: (N,Y)— (M, X) be a morphism in SP. Then the diagram

*
Apny x (P x M) —— Apnyxy (P" X N)

pfl lpf

Ax(M) #)Ay(N)

commutes.
(3) Leti:P™ — P™ be a linear closed immersion, (M, X) a smooth pair. Then
the diagram

ixid),
Apnxx (P x M) u>A]P’mxx([@m x M)

pil lpl"

commutes.
(4) Leti: N — M be a closed immersion, X C M, Y C N closed subsets with
i(Y) C X. Then the diagram

(id X %)«
Apnyy (P* X N) —= Apny x (P™ x M)

pl‘l lpf

commutes.

(5) Let s : M — P™ x M be a section to the projection, and let X C M be a
closed subset. Then p} o s, =id s, (-

(6) Let X C X' be closed subsets of M € Sm/k. Then the diagram

6">< JPT X P
Aan(X/\X)(]Pm X (M\X)) w}Aanx(Pn X M)

pfl lpf

Axnx (M \ X) Ax (M)

Cr9M, XX
commutes.

Proof. The proofs of (1)-(3) are exactly as the proofs of the corresponding properties
in [10, §4.5], adding the supports throughout. We give a proof of (4) that is different
from the approach used in [10].

By the projective bundle formula, it suffices to check the commutativity on
elements of Apnyy (P x N) of the form t™ x a = p™*(t™) Up}-(a), t = c1(Opn (1)).
Since the Gysin map (id x 7). is a A(P™ x M )-module map, we have

(id x @)« (t"™ x @) = p"* (t™) U (id x i)+ (p (a))

=p" (") Upy(ix(a)))
=t™ X i,(a),
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the second identity following from proposition 1.15(5). Thus

P((d x0). (™ x a)) = pI (1™ X ix(a))
= Upom - ix(a).

On the other hand

i (PE (™ X a)) = ix(an—m - )
= 0an—m * i*(a)a
the second identity following because i, is an A(M)-module map, hence an A(pt)-
module map. This proves (4).

For (5), the case without supports (proven in [10, §4.6]) gives in particular the
identity
pi(s(1) =1 € A(M)
where 1 € A(M) is the identity. Now take an arbitrary element a € Ax (M) and
write p for p". Using the fact that both s, and p, satisfy the projection formula

(for i, this is just property (2) of proposition 1.15 and for pZ, this is remark 1.21),
we have

ps(s«(a)) = pu(s:(s"p™(a) U 1))
— pu(p"(@) Usa (1)
= aUp.(s.(1))
=aUl=a.

Finally, (6) follows from the partial Leibniz rule for 9, which implies that Ox 7/ z
and Opnx xprxz/ prxz are A(pt)-module maps, together with the naturality of O
with respect to pull-back. Thus,

Py (Opnsmprxxr Prxx (7 X @) = pL (™ Udpnxarprxx/ prxx (™ (a)))
=pr (" U™ (Om,x' x(a)))
= Qp—m - Om.x" x(a)
= Om,x', x (Gn—m - @)

= O, x, x (P (t™ x a)).

Step 3: The general case. Let f : (N,Y) — (M, X) be a morphism in SP’.
Factor f: M — N as f = poi, withi: N — P” x M a closed immersion, and
p=p":P*"x M — M the projection. Define f, : Ay (N) — Ax(M) as the
composition

Ay (N) 25 Apnsex (P" x M) 25 Ax(M).
Theorem 1.24. Let A be a Z/2-graded oriented ring cohomology theory on SP.

(1) For a morphism f: (N,Y) — (M, X) in SP’, the morphism f. : Ay (N) —
Ax (M) does not depend on the choice of factorization f =poi.
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(2) For a morphism f =i : (N,Y) — (M,X) in SP’ withi : N — M a
closed immersion, f. agrees with the Gysin morphism defined in Step 1.
For f =p™: (P"x M,P" x X) — (M, X) the projection, f. agrees with the
map pY defined in Step 2.

(3) For a projective morphism f : N — M, the map f. : A(N) — A(M) agrees
with the map f. defined in [10, §4.7].

(4) The assignment [f : (N,Y) — (M, X)] — fi« : Ay(N) — Ax (M) defines
an integration with supports on A (definition 1.8), subjected to the given
orientation on A.

Proof. The proof of (1) is exactly as in the proof of the analogous result [10, The-
orem 4.7.1], adding the supports where needed. The statement (2) follows directly
from (1), as we may take n = 0 if f is a closed immersion, and 4 the identity (and
ix = id as well) if f = p™. (3) follows from proposition 1.15(1) and remark 1.20.

For (4), the proofs of (1), (3) and (4) in definition 1.8 are exactly as in the
proof of [10, Theorem 4.7.1], adding the supports. Definition 1.8(2) follows from
proposition 1.15(2) and remark 1.21.

Definition 1.8(5) follows from proposition 1.15(6), while (6) follows from propo-
sition 1.15(8) and proposition 1.23(6). Thus,

[F 2 (N,Y) = (M, X)] > £t Ay(N) = Ax(M)] > £+ Ay (N) — Ax (M)
defines an integration with supports on A.

To complete the proof, we need only check that the integration with supports
is subjected to the given orientation, i.e., that for a line bundle p : L — M with
zero-section s, the composition

Ax (M) =5 Ap1x) (L) — Ax (M)
is cup product with ¢;(L). By (3) and [10, Theorem 4.1.4], this is the case for
X = M; in particular
$*(54(1)) = 1 (L) € A(M).
In general, take a € Ax(M). Then
5*(s.(a) = 5" (s.(s"p"(a) U 1))

= 57(p"(a) U s.(1))

=aUs"(s4(1))

=aUc (L),
as desired. ]
Proof of theorem 1.12. The existence of an integration with supports subjected to

a given orientation w on A follows from theorem 1.24. For the uniqueness, suppose
we have two integrations

(f : (N,Y) = (M, X)) = fo, f2: Ay(N) — Ax (M),

both subjected to the same orientation w. Let wa = (14 ), <, ant™)dt be the
normalized invariant one-form for the formal group law Fj. B

By the uniqueness part of [10, Theorem 4.1.4], fl = f? : A(N) — A(M).
In particular, taking g : P* — Speck to be the structure map, and letting ¢ =
c1(Opn (1)) € A(P™), we have

(Ii(tm) = qf(tm) = Aan—m-
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Now let (M, X) be a smooth pair, take a € Ax(M), and let p : P* x M — M
be the projection. Then for ¢ =1, 2,

pLt™ x a) =q.(t™) - a

= 0np—m - Q,

s0 pL = pi.

Next, consider a closed immersion i : N — M in Sm/k, andlet Y C N, X C M
be closed subsets with i(Y) C X. Suppose ¢ = idy;. Then, by definition 1.8(5),
il =id},; = 42; this reduces us to the case X =i(Y).

Since M is quasi-projective, we can find a sequence of smooth closed subschemes

N=NyCN,C...CN. =M

such that N;_; is a smooth codimension one subscheme of N; for i = 1,...,r. This
reduces us to the case of a codimension one closed immersion.
Consider the deformation to the normal bundle

10 i1

M

-

*)NXAlﬁ

) 1

G

Y — Y x Al A
This gives us the commutative diagram (for j = 1,2)

Ay (N) 2 Ay i (N x Al) —2 s Ay (N)

Ay (1) ——— Ay e (My) —— Ay (M).

It follows easily from the homotopy property for A that the maps ¢j,4] in the
upper row are isomorphisms; the maps i, 4] in the lower row are isomorphisms by
lemma 1.14. Thus, it suffices to show that sl = s2.

Using excision, we can replace v with the P'-bundle P(v & On). Let p : P(v @
On) — N be the projection. Clearly pi : Ay (P(v © Oy)) — Ay (N) is inverse to
sk, j = 1,2, so it suffices to see that

p. =9} Ay (P(v @ On)) — Ay (N).
The map pi factors through the “enlarge the support map”
ld* : Ay(P(V D ON)) — Ap—l(y) (P(l/ D ON))
hence id* is injective. Thus, it suffices to see that the maps
Pl Ay vy (P(v @ On)) — Ay (N)
are equal.

We have the extended projective bundle formula [10, Corollary 3.3.8]: Let
o Ay(N) D Ay(N) — Ap—1(y) (P(V @b ON))
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be the map sending (a,b) to p*(a) + p*(b) U c1(O(1)). Then « is an isomorphism.

The projection formula implies
pla(a,b)) = aUpl(leweoy)) +0UDL(ci(O(1))).
By the uniqueness part of [10, Theorem 4.1.4],
p; =12 A(P(v ® On)) — A(N),

hence pi(1pwsox)) = PE(lppaoy)) and pi(c1(O(1))) = p(e1(O(1))). Thus, p; =
pi : Ap—l(y) (P(U S¥ ON)) — Ay(N)

Since each projective morphism f factors as p o4, the two cases of a projection
and a closed immersion imply f! = f2 for all f, completing the proof. O

2. ALGEBRAIC ORIENTED COHOMOLOGY

Mocanasu [7] has considered a version of oriented cohomology, with somewhat
different axioms from what we have discussed so far, and has shown that such a
theory gives rise to a Borel-Moore homology theory on quasi-projective schemes
(over a fixed base-field k). Shortly speaking, the Borel-Moore homology theory H
corresponding to an oriented ring cohomology theory A is given by

H(X) := Ax (M)

for any smooth pair (M, X). The main point is to show that this is independent
of the choices, both in the smooth “envelope” M for a given X, as well as for
morphisms F : M — M’ extending a given projective morphism f : X — X’. In
this section, we give a modified version of Mocanasu’s notion of an algebraic ori-
ented theory, and show that the integration with supports defined on an oriented
ring cohomology theory satisfies the axioms (assuming that the base-field admits
resolution of singularities). We fix a base-field & and an oriented Z/2-graded ring
cohomology theory A on SP. We let Schy denote the category of quasi-projective
k-schemes and Schj, the subcategory with the same objects, but with only the pro-
jective morphisms. We will assume throughout this section that k& admits resolution
of singularities.

Let (M, X), (N,Y) be smooth pairs, and let F' : M — N be a morphism such
that F'(X) C Y and the restriction f : X — Y of F is projective. Let Cr be the
category of all dense open immersions j : M — M, with M € Sm/k, and extensions
F : M — N such that F is projective; a morphism p : (j : M — M, F) — (5" :
M — M',F') is a morphism p : M — M’ with j' = poj and F’ o u = F. Note
that p is necessarily projective and birational. Also, since f is projective, j(X) is
closed in M.

Lemma 2.1. The category Cp is left filtering, and there is is at most one morphism
between any two objects.

Proof. This follows easily from resolution of singularities. Cp is non-empty: since
M is quasi-projective, the map F' factors through a locally closed immersion M —
P" x N. We can close up M in P* x N and resolve singularities to construct M, j
and F'.

Given two objects in Cp, a1 := (j1 : M — My, Fy, : M; — N), as = (jo :

M — My, Fy : My — N), resolve the singularities of the closure of (j1,j2)(M) in
My X Ms to construct jz : M — Ms, F3: M3 — N dominating oy and «s. Since
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M is assumed dense in M, there is at most one morphism between any two objects
of Cr, completing the proof. ([

Definition 2.2. Let (M, X), (N,Y) be smooth pairs, and let FF : M — N be a
morphism such that F(X) C Y and the restriction f : X — Y of F is projective.
Define the push-forward morphism

F.: Ax(M) — Ay (N)
by taking (j: M — M,F : M — N) in Cr and setting
Fy=F, o0 (")
where j* : Ajx)(M) — Ax(M) is the excision isomorphism.
We note that F is well-defined by lemma 2.1.

Lemma 2.3. Given composable morphisms F': M — N, G : N — P, and smooth
pairs (M, X), (N,Y), (U,Z) suppose that F(X) C Y, G(Y) C Z, and that the
restrictions of F and G, f : X =Y, g:Y — Z, are projective. Then

G*OF* = (GOF)*A_)(<M) —>Az(P)

Proo[. Take ji : N — J\_/',_C_vY :N — Pin Cgq, jo : M—>J\7[_,F_: M_—> N in Cr and
Ja:M — M',F'": M" — N in Cjop. Then jzojp: M — M',GoF': M' — Pisin
CGoF, SO

Since the diagram

is transverse cartesian, we have (by lemma 1.9)

jioF.=F,0j;.

Thus
G.oF.=G.o(jf) o Fuo(j3)™"
=G.oFlo(j5) o (j3) "
— (G o F)*

O

Proposition 2.4. Let (M,X), (M',X’) be smooth pairs, F,G : M — M’ two
morphisms such that F' and G restrict to the same projective morphism f : X — X'.
Then

F* = G* : Ax(M) — AX/(M/).
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Proof. We first reduce to the case of affine M’. Indeed, Jouanolou [4] tells us that
there is an affine space bundle ¢ : E — M’ with E affine. Since E — M’ is smooth,
replacing X’ with ¢=1(X’), M with M x ;s E and X with X x; E, and using the
extended homotopy property (remark 1.4(2)) achieves the reduction.

Next, we reduce to the case in which M’ = A™ for some n. Since M’ is
affine, there a closed immersion ¢ : M’ — A"™. By remark 1.16, the push-forward
ix : Ax/(M') — Ajx)(A") is an isomorphism, so we may replace (M', X') with
(A", i(X")), and change notation.

Consider the product map

(F,G) : M — A" x; A™.

Since F' and G are both equal to f when restricted to X, we have the commutative
diagram

f X
A’n

MWA x A

where § is the diagonal.
Consider the map

0 AL X A" x A" — A" x A"
et z,y) = (t,x, ty + (1 — t)x).
For a € k, let ¢, : A™ x A" — A™ x A" be the fiber of ¢ over a. Note that
o (idxd) =idxd: Al x A" — Al x A" x A™.
Thus, we may form the commutative diagram of schemes over Al

idx f
AlxX—X>A1><X’

Al x A"

Jidxé

1 1 n n
A XMWA x A" x A

Let j : A™ — P™ be the standard open immersion. Since M is quasi-projective,
there is an open immersion g : U — PY for some N, and a closed immersion
i: M — U. Thus, we may factor po [id x (F,G)] as a composition of maps over Al

Alx M5 A" xU x A" x A" 5 A x PV x A" x A" L Al x A™ x A",

with ¢ a closed immersion, v = id x g x id and ¢ the projection. Let M* be the
closure of yo (Al x M) in A x PV x P" x A" and let y1 : M — M* be a resolution
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of singularities of M*. We note that M*, and hence M, is naturally a scheme over
Al and similarly, the map ¢ o [id x (F,G)] extends to a map

7 M — Al x P? x A”

over Al. Since yor(A! x M) is a smooth dense open subscheme of M*, we may take
M so that g : M — M* is an isomorphism over yor(Al x M); let h: At x M — M
be the resulting open dense immersion.

This gives us the commutative diagram of schemes over Al

idx f
Alx X ————— Al x X'

Al x A"
idxo
1\ 1 n
A &Mm}A x A™ x A"
h Y

M——— A x P" x A

T

p P1

Al Al

For a € k, let m, : M, — P™ x A" be the fiber of m over a. We note that M,
contains M as an open subscheme, and that 7, extends ¢, o [id x (F,G)]. We let
M, C M, be the closure of M in M,. Blowing up M further and changing notation
if necessary, we may assume that My and M; are smooth. Let o : My — M,
t1 : My — M denote the inclusions.

Noting that §(A") is closed in P" x A", we see that Al x §(X’) is closed in
Al x P* x A™. Since id x f : Al x X — Al x X' is projective, this implies that
h(A! x X) is closed in M, and h(0 x X), (1 x M) are thus closed and contained in
My € p~1(0), My C p~*(1), respectively. We have the commutative diagram

* *

Ah(OxX)(MO) — Ah(AlxX)(M) — Ahl(lxX)(Ml)

S

Ax (M) ¢——— Apixx (A" x M) ———— Ax (M)
20 1

where ig,i; : M — A x M are the 0-, 1-sections, and hg, hy are the restrictions of
h.

By the homotopy property for A, the maps if, i} are isomorphisms and i§ = .
The maps h, hi and h] are isomorphisms by excision.
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Since h(A' x M) C M is an open neighborhood of h(A! x X) in M that is
smooth over A', we may apply lemma 1.9 to give the commutative diagram

* *

Ax (M) "0 Ay (AY X M) —— 5 A (M)

Apoxx)(Mo) — Aparxx)y(M) — Ap,(1xx) (M)

A(;(X/)(IP” X An) — AAI Xg(X/)(Al x P™ x An) — Ag(X/)(IPm X An)
1 Y1

Since % o (i§)~! = id (for both the top row and the bottom row), this gives
Tow 0 (hg) ™ =m0 ()71t Ax (M) — As(xn (P™ x A™).
Composing with the push-forward for the projection ps : P x A™ — A", we have
(2.1) P2x 0 Tow © (h) ™F = paw om0 (h) 71t Ax (M) — Ax/(A™).
Since
peoolid X (F,G)|oig=F, pyoypolidx (F,G)]oi =G,

we have commutative diagrams

M, M,

Thus, (ho : M — My, ps 0 m) is in Cp and (hy : M — Mg, py o 1) is in Cg, hence

Fy = (p2omo)so (hy) ™
G = (p2omi)so0 O(h'g)il'

Together with (2.1), this gives F, = G,. O

Lemma 2.5. Let F : M — N be a morphism in Sm/k, (M, X), (N,Y) smooth
pairs. Suppose that F(X) =Y and that the restriction of F to f : X — Y is an
isomorphism (using the reduced scheme structures). Then Fy : Ax(M) — Ay (N)
is an tsomorphism.

Proof. Extending F to F' : M — N for some (M < M,F) in Cr, and changing
notation, we may assume that F' is projective. Factoring F' as F' = p o i, with
p:P"x N — N the projection and 7 : M — P™ x M a closed immersion, it suffices
to handle the two cases F' =4 and F = p.

For F' = i, this is remark 1.16. In the case of a projection, let s : Y — P™ x N be
the section induced by the isomorphism p : X — Y. Suppose we have an extension
of s to a section t : N — P" x N. Letting M := ¢(N), with closed immersion
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i: M — P" x N, we have the commutative diagram

Ax (M) —2 Ax(P" x N)

D
MAJ

Ay (N).

Aspoi: (M,X) — (N,Y) is an isomorphism of smooth pairs, the map (p o). :
Ax(M) — Ay (N) is an isomorphism. From the case of a closed immersion, i, :
Ax (M) — Ax(P"™ x N) is also an isomorphism, hence p, : Ax (P" x N) — Ay (N)
is an isomorphism as well.

We claim that N admits a Zariski open cover

such that the restriction of s to U; NY extends to a section t; : U; — P™ x U;. Using
Mayer-Vietoris and the case in which a section extends, handled above, this will
prove the result in general. To prove our claim, let y be a point of Y. Shrinking
N to some affine neighborhood U of y, we may assume that s(Y) is contained in
a product A" x N, where A" is some standard affine subset of P"”. The map s is

then given by a morphism s:Y — A", i.e., by n regular functions s1,...,5, on Y.
As U is affine, each 3; lifts to a regular function ¢; on U, giving the desired section
t:U— A" x U C P" x U extending s. O

We can also extend the compatibility of push-forward with the boundary in the
long exact sequence of a pair (definition 1.8(5))

Lemma 2.6. Let F : M — N be a morphism in Sm/k, let X € X' C M,
Y CY’' C N be closed subsets. Suppose that F(X') CY’, that the restriction of F
to f: X' — Y is projective and that f~(Y) N X' = X. Then the diagram

aM,x/,x

Axnx (M \ X) Ax (M)

n| P*

Ayny (N\Y) —— Ay (N)

N,Y' Y
commutes.
Proof. Just take M — M,F : M — N in C; and apply definition 1.8(5). O

We give a modified version of Mocanasu’s notion of an algebraic oriented theory
on SP. In what follows, for (M, X) a smooth pair, we consider X as a scheme by
given it the reduced structure.

Definition 2.7. An algebraic oriented theory on SP consists of the following data:
(D1) A functor A : SP°? — Ab. For a morphism G : (M, X) — (N,Y) in SP,
we write G* : Ay (N) — Ax (M) for A(G).

(D2) Let (M,X), (N,Y) be smooth pairs, let F' : M — N be a morphism
such that F'(X) C Y and such that the restriction of ' to f : X — Y is
projective. Then there is a “push-forward” F, : Ax(M) — Ay (N).

These satisfy:
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(A1)

(A2)

(A3)

(A5)

MARC LEVINE

A is additive: For X,Y € Sm/k, the canonical map A(X 1Y) — A(X) x
A(Y) is an isomorphism.

i. Let (M,X), (N,Y) be smooth pairs, let F;G : M — N be mor-
phisms in Sm/k such that F(X) C Y, G(X) C Y and such that F
and G restrict to the same projective morphism f : X — Y. Then
F,=G,: Ax(M) — Ay (N).

ii. Let (M,X), (N,Y) be smooth pairs, let F : M — N be a morphism
such that F(X) C Y and such that the restriction of F to f: X — Y is an
isomorphism. Then F, : Ax(M) — Ay (N) is an isomorphism.

Given smooth pairs (M7, X;), (M2, X2) and (Ms, X3) and a commutative

diagram
Xl f f

M14>M2*>M3

such that f; and fo are projective, then Fy, o Fy, = (Fy 0 F1)..

Suppose we have smooth pairs (M, X), (M, X’), (N,Y) and (N',Y”’), and
a commutative diagram

/

y Tty

such that the top, bottom, left and right squares are cartesian, and that the
bottom square is transverse. Suppose further that f and f’ are projective.
Finally, suppose that G and G’ are either smooth and equi-dimensional, or
closed immersions. Then

FloG" =G*oF,: Ax(M) — Ay/(N').

Let (M,X), (N,X), (M’,X) and (N’, X’) be smooth pairs. Suppose we
have a cartesian diagram
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with X = G7}X’), X = F~}(X’), G'(X) = X, F/(X) = X and such that
the restrictions G’ : X — X, F’ : X — X are the identity. Suppose that F’
and G are open immersions. We have the diagram

Ax (M) s Ay (ar)

4

note that G/, and F, are isomorphisms by (A2)(ii). Then
(G Lo F* = (F)) ' oG*.
(A6) Let
7——V

72— X
be a cartesian diagram, where the horizontal arrows are inclusions of re-

duced closed subschemes, and p : V' — X is an affine space bundle. Then
p* 1 Az/(X) — Az(V) is an isomorphism.

(AT) Let (X, Z) be a smooth pair. Then idx. : Az(X) — Az(X) is the identity
map.

(A8) Let X C Y C M be closed subsets of M € Sm/k. Then
id]y[* = ld}‘w : Ax(M) — Ay(M)

Remarks 2.8. Other than notational or organizational changes, our axioms for an
oriented algebraic theory differ from Mocanasu’s notion [7, Definition 1.15] of an
oriented algebraic theory at the following points:

1. Mocanasu’s axiom (A4) differs from ours in that she does not assume that the
bottom square is cartesian, and does not require the bottom square to be trans-
verse if G and G’ are closed immersions. However, in all uses of (A4) in [7], the
bottom square is transverse cartesian, so this does not lead to any difference in the
applications.

2. Mocanasu’s axiom (A5) differs from ours in that she allows the morphisms
F and G to be smooth and equi-dimensional, rather than requiring them to be
open immersions. This causes a difference in the associated Borel-Moore homol-
ogy theories, in that our Borel-Moore homology theories will only have functorial
pull-back morphisms for open immersions, whereas the Borel-Moore homology the-
ories of Mocanasu have functorial pull-back morphisms for smooth equi-dimensional
morphisms that are “embeddable”.

3. We have strengthened the homotopy axiom (A6) from that of [7], by allow-
ing V' to be an affine space bundle rather than a vector bundle.



28 MARC LEVINE

4. We have added the axiom (A8), which appears as an additional condition on an
algebraic oriented theory in the statement of [7, Proposition 4.2].

Theorem 2.9. Suppose that k admits resolution of singularities. Let A be an
oriented Z/2-graded ring cohomology theory on SP. Then the functor A : SP°P —
Ab (forget the Z/2-grading) and the push-forward maps of definition 2.2 define an
algebraic oriented theory on SP.

Proof. We are using the integration with supports on A given by theorem 1.12.
The axiom (A1) follows from Mayer-Vietoris. (A2)(i) is proposition 2.4, (A2)(ii) is
lemma 2.5 and (A3) is lemma 2.3. (A4) follows from lemma 1.9 and (A6) follows
from the homotopy property for A together with Mayer-Vietoris, (A7) follows from
(A8) and (AB) is definition 1.8(4). The axiom (A5) follows from the functoriality
of pull-back, together with the identities

@)=, (E)T =R

3. ORIENTED DUALITY THEORIES

We describe an analog of Bloch-Ogus twisted duality theory [1] for oriented
cohomology. As in the previous section, we will assume that the base-field k admits
resolution of singularities, although this assumption is not needed for definition 3.1.
Definition 3.1. An oriented duality theory (H, A) on Schy consists of

(D1) A functor H : Schy, — Grz/»Ab.

(D2) A Z/2-graded oriented ring cohomology theory A on SP.

(D3) For each open immersion j : Y — X in Schy, a map j*: H(X) — H(Y).

(D4) i. For each smooth pair (M, X), and each morphism f :Y — M in Schy,
a graded cap product map

N Ax(M)@ HY) — HY N f~H(X)).
ii. For XY € Schy, a graded external product
x: HX)®@HY)— HX xY).
(D5) For each smooth pair (M, X), an isomorphism
amx  H(X) — Ax(M).
(D6) For X € Schy, and for Y C X a closed subset, a degree 1 map
Oxy HX\Y)— H(Y).
We let [F: (M, X) — (N,Y)]in SP’' — F, : Ax(M) — Ay (N) be the integration
with supports on A subjected to the given orientation. The data (D1)-(D6) satisfy
(A1) Let (M,X), (N,Y) be smooth pairs, and let j : M — N be an open
immersion with j71(Y) = X. Let jy : X — Y be the restriction of j.
Then the diagram

H(Y) =25 Ay (N)

N

)
H(X) —— Ax(M)

comimutes.
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(A2) Let (M, X), (N,Y) be smooth pairs, let f: X — Y be a projective mor-
phism in Schy, and suppose f extends to a projective morphism F : M —
N. Then the diagram

H(X) -5 A (M)
f{ JF*
H(Y) 7 Av(N)

commutes.

(A3) Let (M, X) and (N,Y) be smooth pairs.
i. let F: N — M be a morphism in Sm/k, and let f : Y — M be the
restriction of F. Let

F*(—)U: Ax (M) @ Ay (N) — Aynjp-1(x)(N)
be the map a ® b — F*(z) Uy, with F* : Ax(M) — Ap-1(x)(N) the
pull-back. Then the diagram

id®()¢N)y

Ax (M) ® H(Y) Ax (M) ® Ay (N)

f*(—)ﬂl lF*(—)U

HY nf~YX)) Ayng-1x)(N)

S
AN, ynfF—1(x)

commutes.
ii. The diagram

HX)® HY) ——— H(X xY)

QJ\I,X®D¢N,Y\L J/OCMXN,XXY

Ax(M) ®Ay(N) T>AX><Y(M X N)

cominutes.
(A4) Let (M, X) be a smooth pair and let Y C X be a closed subset. Then the
diagram
H(X \ Y) QAM\Y,X\Y AX\Y(M \ Y)
Sx,yl laNI,X,Y
H(Y) —————— Ay (M)
commutes.

The functor H together with the additional structures (D2)-(D6) is the oriented
Borel-Moore homology theory underlying the oriented duality theory.

Remark 3.2. Oriented duality theories on Schy, form a category, in the evident man-
ner. Given a Z/2-graded oriented ring cohomology theory on SP, an extension of A
to an oriented duality theory on Schy is a oriented duality theory (H, A’) together
with an isomorphism A = A’ of Z/2-graded oriented ring cohomology theories on
SP. Clearly, two extensions (Hy, A1) and (Ha, A2) of A are uniquely isomorphic
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as extensions of A: the only possible choice of isomorphism H; = Hy compatible
with the given isomorphisms A, LNy Ay is given by the isomorphisms

2
Yoo x

oal
Hy(X) 2285 4 () 20y (x)
for any choice of smooth pair (M, X).

Remark 3.3. One has as well the Z-graded or bi-graded versions of oriented duality
theories. For the graded version, one typically uses homological grading on H, so
that the comparison isomorphisms « are of the form

anrx : Ho(X) — A¥="(M)

where d = dimy, M (by additivity, we may assume that M is equi-dimensional over
k). Using remark 1.7, the projective push-forward map f. preserve the grading, as
do the pull-back maps for open immersions. The cap products become

n

AR(M) @ Hy (V) ZE5 B (v 0 7).
In the bi-graded case, we index H to give comparison isomorphisms
o x : Hp g(X) — A7)

The second index in the bi-grading plays the role of the “weight” in the classical
Bloch-Ogus theory. The projective push-forward and open pull-back preserve the
bi-grading, and the cap products are

) £ (=)n

A;?’n (M) ® HPvQ(Y Hp—m,q—n(y n f_l(X))

Theorem 3.4. Suppose that k admits resolution of singularities. Let A be an ori-
ented 7./2-graded ring cohomology theory on SP. Then there is a unique extension
of A to an oriented duality theory (H, A) on Schy.

Proof. We have already discussed the uniqueness. The existence follows from the
results of [7, §2.1], with some minor modifications. We give a sketch of the construc-
tion for the reader’s convenience. refering to [7] for details. We will use throughout
theorem 2.9, that an oriented Z/2-graded ring cohomology theory defines an ori-
ented algebraic cohomology theory.

Call morphisms F,G : (M, X) — (N,Y) in SP’ equivalent if F and G induce
the same morphism X — Y, and let SP’ be the quotient of SP’ by this equivalence
relation. o

We have the restriction functor res : SP’ — Schj, sending (M, X) to X and
[F] : (M,X) — (N,Y) to the restriction Fjx : X — Y. We let HSP' be the

category formed from SP’ by inverting all morphisms over an isomorphism in Schj,.
For each X in Sch}, the fiber of res over X is a left-filtering category with at most
one morphism between any two objects, so the induced map res : HSP — Schj, is
an equivalence of categories.

By definition 2.7(A2,A3,A7), sending (M, X) to Ax(M) and F : (M,X) —
(N,Y) in SP’ to F, : Ax(M) — Ay (N) descends to a well-defined functor

A_(=) : HSP' — Gry/»Ab.

Since res : HSP’' — Schy, is an equivalence, this gives us the functor H : Schj, —
Gryz/2Ab and the natural isomorphisms

aM,X : H(X) — Ax(M)
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satisfying axiom (A2).

To define the pull-back map j* : H(X) — H(Y) associated to an open immersion
j:Y — X, choose a smooth pair (M, X). It is easy to see that there is a smooth pair
(N,Y) and an open immersion j : N — M extending j. Let j* : H(X) — H(Y)
be the unique map making the diagram

aM,x

HY)—— Ay (N)

AN,y

commute.
To verify (Al), let (M’, X), (N',Y) be smooth pairs, and let g : N' — M’ be an
open immersion extending j. We have the commutative diagram

Y Y
\\ idxj ‘[

N xN—=>N'xM

J
gXidl lgxid

Y M'x N——= M' x M

idx g

¢

By definition 2.7(A5), we have
(g > id).) " o (id x j)* = ((id x ji) ™" o (g x id)*

From the commutative diagram

Y N' x M —— N
jJ gxidl Jg
XC— M’ x M —— M’
and definition 2.7(A4), we have
p1x 0 (g x id)* = g* 0 p1..

Similarly, the commutative diagram

Ye—s M' x N 2o N

jl gxidl Jg

X M x MEZ— M
gives

po. o (id x )" = j* o pa..
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This gives us the commutative diagrams

H(Y) any

QNI X N,Y

i (idxi)*] T;

P2x

Ax(M/ X M) *)Ax(M)

H(Y)
XN'XN,Y
AN’/ x MY
Ay (N x N) 99 4
(gxid)*l
XN, (idxj)*

and

N')Y

Ay M/XN)*)AY

] @*

XM)&AX

QM XM, X

AN’ Y

H(Y) — Ay (N')

Al X

Thus, the diagram

commutes, as desired.
To define the cap product pairing (D4)(i) for a smooth pair (M, X) and a mor-
phism f:Y — M wth f(Y) C X, choose a smooth pair (N,i:Y — N) and embed
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Y in N x M by (i, f). Let f*(—)N be the unique morphism making

id®anx M,y

f*()ﬁl }%(—)U

H(Y N f7HX)) ————— Ayrp; () (N X M)

AN M, yNf—1(X)

commute. If we have another smooth pair (N’,i : ¥ — N’) and morphism G :
N’ — M extending f, consider the commutative diagram

@G
N — 5N x M

x F

M

We embed Y in N’ x M by (i, f). The projection formula gives, for b € Ay (N’),
a < 14)('(]\4)7

(', G)+(G"(a) Ub) = (i, G)((i, G)"p3(a) UD) = p5(a) U (i, G). (D),

so we can replace (i’ :' Y — N',G : N’ — M) with ((¢/,f) : Y — N’ x M,ps).
Similarly, we have the embedding (¢/,4, f) : Y — N’ x N x M and for a € Ax (M),
be Ay (N’ x N x M), we have

N'NM / N'NMsx N’ Mo N'NM
NG YRV aYe (@) Ub) =py (@) Upnoags (B),
=P

N’NM( N’NM*(a)Ub) NM*(G,) N’NM(b)

PNm« (PM M UDPNars

Here p%l]\IJVM is the projection N’ x N x M — N x M, etc. The commutativity in
(A3) follows from these identitites.

For the external product (D4)(ii), we fix as above smooth pairs (M, X), (N,Y)
and define x : H(X) ® H(Y) — H(X x Y) as the unique map making

HX)® HY) ——— H(X xY)

aM,X®D¢N,YJ J{O‘I\/IXN,XXY

commute. If we have other smooth pairs (M’, X), (N’,Y), consider the diagram

Ax(M x M) ® Ay (N x N') —— Axyy (M x M’ x N x N')

p1*®p1*l J'pl:s*

Ax(M)®Ay(N) Axxy(MXN)

X

By remark 1.10, this diagram commutes. Using the similar diagram with M’ N’
replacing M, N in the bottom row verifies (A3)(ii).
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Finally, for (A4), choose a smooth pair (M, X), and let Jx y be the unique map
making

QM\Y,X\Y

H(X\Y) Ax\y(M\Y)
ax,YJ lal\/l,X‘Y
H(Y) Ay (M)

QMY

commute. If we have another smooth pair (M’, X), we have as well the smooth
pair (M x M', X) and commutative diagram

Ax\y (M\Y) 2 Ay (M x M'\Y) 22 Ay (M'\Y)

81\/I,X,Yl laMxlw/,X,Y laNI’,X,Y

Ay (M) 2 Ay (M x M') — 225 Ay (M).

(see lemma 2.6) from which (A4) follows directly.
O

Of course, the role of the Borel-Moore homology theory H in an oriented duality
theory is just to say that certain properties of cohomology with supports Ax (M)
depend only on X, not on the choice of smooth pair (M, X). Besides the properties
given by the axiomatics (projective push-forward, open pull-back, cup products and
boundary map) one has the following properties and structures:

Functoriality of open pull-back, cap products and external products. For j : U — V,
g :V — X open immersions in Schy, we have
Jjregt=(gej) : H(X)— H(U)

and idy = idg(x). This follows from the functoriality of open pull-back for the
oriented ring cohomology theory A, using (A1) to compare.
For the cap products, we have three functorialities:

(1) Take X,Y € Schy, M € Sm/k, a smooth pair (N, X) and morphisms
f:Y—=M g: M — N,. Then
(9o f)(a)nb=f"(g"(a)) N
fora € Ax(N), b€ H(Y), with g* : Ax(N) — Ag-1(x)(M) the pull-back.
(2) Let h : Y — Z be a projective morphism in Schy, (M, X) a smooth pair,
and f:Z — M a morphism. Then
ha((f 0 h)*(a) VD) = f(a) N Ay (b).

(3) Let j : U — Y be an open immersion in Schy, and let (M, X) be a smooth
pair, and let f: Y — M be a morphism. Then

J*(f (@) nb) = ((f 0 j)*(a) N j*(b)
forae Ax(M),be HY).

The first and third identities follow from the naturality of cup product with respect
to pull-back, and the second from the projection formula. Finally, the fact that
pull-back is a ring homomorhism yields the identity

frlaub)ne= f*a)n(f7(b)Ne)
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for a,b € Ax(M), ce H(Y).
The external products are functorial for push-forward: For projective morphisms
f: X —X,g:Y =Y’ wehave

(f x g)x(axb) = fula) x g«(b) € HX' xY"); a€ H(X),be H(Y).

This follows from remark 1.10.
Long exact sequence of a pair and Mayer-Vietoris. Let i : Y — X be a closed subset
of X € Schy and let j : U — X be the open complement. Then the sequence

Ox,y

S HU) Z HY) = HX) S HU) - .

is exact. Indeed, we use (Al), (A2) and (A4) to compare with the long exact
sequence of the triple (M, X,Y"), having chosen a smooth pair (M, X).

If we have an open cover of some X € Schy, X = U UV, the exact sequence of
a pair gives formally the long exact Mayer-Vietoris sequence

= HX) YY) gy e H(V) 2 g av) Y o av) —

The localization sequence is natural with respect to pull-back by open immersions
and by push-forward with respect to projective morphisms.

Proposition 3.5. Let (H, A) be an oriented duality theory.

1. LetY CY' C X be closed subsets of X € Schy. Let U =X \Y,U =X \Y’,
with inclusions j: U’ — U andi:Y — Y’'. Then the diagram

ox,y

Hop(U) —— Hq1(Y)

/| I

Haﬁb(U’) — Ha,l’b(Y’)
dx .y
commutes.

2. Let f: X' — X be a projective morphism in Schy, let Y C X be a closed subset,
let Y = f7U(Y), U=X\Y,U =X'\Y, and let fy : U — U, fy :Y' =Y be
the respective restrictions of f. Then fy is projective and the diagram

X

8 7 ’
Hop(U') =25 Hy_q (V)

fU*l J'fy*

Ha7b(U) T} Ha—l,b(y)
X,y

commutes.

Proof. For (1), take a closed immersion X — M with M € Sm/k. Let N = M \Y,
N’ = M \Y’'. The identity map on M gives the map in SP, (M,Y’) — (M,Y),
and the inclusion N’ — N gives the map (N,U) — (N’,U’); these arise from the
map of triples (M, X,Y) — (M, X,Y"). Via the comparison isomorphisms a., the
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diagram in (1) is isomorphic to

oM, X,y

Ep(N) —= ELTH4(M)

/| |+

EGHN) B )

The commutativity of this diagram follows directly from the naturality of O (def-
inition 1.2(1)) and the construction of the long exact sequence of a triple.

A similar argument proves (2). Indeed, take a closed immersion X — M with
M € Sm/k. Since f : X' — X is projective, we can factor f as a closed immersion
i: X' — X x P" followed by the projection X x P™ — X. This gives us the closed
immersion X’ — M x P™ and the projection M x P* — M extends f, giving us
the map (M x P*, X') — M, X) in SP’. Using the naturality of d,. described in
definition 1.8(6) completes the proof. O

Pull-back by a smooth projection. Although it appears that smooth pull-back de-
pends on the choice of smooth pair, one does have a well-defined pull-back

p*  H(X)— H(X x F)
for F € Sm/k.

Lemma 3.6. For F € Sm/k, X € Schy, let p: X x F — F be the projection.
Then there is a pull-back map p* : H(X) — H(X x F) such that, for each smooth
pair (M, X), the diagram

Ax (M)

p*l lp*

HX X F) ———— Axyp(M x F)

OMXF,XxF

commutes.

Proof. Of course, we define p* : H(X) — H(X x F') to be the unique map making
the above diagram commute, for one fixed choice (M, X) of a smooth pair.
Let (N, X) be another smooth pair. We have the cartesian transverse diagram

NxF+2 MxNxF—2sMxF
QJ/ ﬂlzl J{p

where the maps are the respective projections. This gives us the commutative
diagram

Axur(N X F) <2 Axyp(M x N x F) 725 Ax o p(M x F)

] B

Ax(N) ¢ Ax (M x N) —————— Ax (M)
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which gives the desired commutativity. O

The cap product is also natural with respect to this pull-back, and we have
ppojt =(jxid) o
for an open immersion j : U — X, where pyy : U X F' — U is the projection. Finally,

for g : V — F an open immersion in Sm/k, let py : X x V' — X be the projection.
Then

py = (id x g)*op™.

Homotopy invariance. Let p: A™ x X — X be the projection. Then
p*: H(X) — H(A" x X)

is an isomorphism. This follows directly from the homotopy invariance of A, to-
gether with the existence of the well-defined pull-back p*.

Chern class operators. Let E — X be a vector bundle of rank r on some X € Schy.
X is quasi-projective, so choose a closed immersion i : X — U, with U C P™ an open
subscheme. This gives us the very ample line bundle Ox (1) on X. For m >> 0, the
vector bundle F(m) is generated by global sections; a choice of generating sections
50,---,Sm gives a morphism f : X — Grass(M,r) with f*(E,) = E(m), where
Epr, — Grass(M, r) is the universal bundle. Thus, we have the locally closed im-
mersion (Z, f) : X — P™ x Grass(M,r) with (¢, f)*(O(—m) K Ey;,-) = E; choosing
an open subscheme V' C P™ x Grass(M,r) such that (4, f) : X — V is a closed im-
mersion, we have a smooth pair (V, X) and a vector bundle £ on V' which restricts
to E on X. Define the Chern class operator

&(L) : H(X) — H(X)

cH

by setting &,(L)(b) := (¢, f)*(cp(€)) Nb.

One needs to check that ¢,(E) is independent of the choices we have made. This
follows from

Proposition 3.7 ([3, §3.2, Lemma]). For X € Schy, the pull-back of locally free
sheaves induces an isomorphism

f:X—VeSm/k

Now, suppose we have two smooth pairs (M, X) and (N, X), with vector bundles
FEy on M, Ex on N, restricting to £ on X. By the proposition, there is a V &€
Sm/k, a vector bundle Ey on V and a commutative diagram

L
N
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such that [Ey] = [f*En] = [¢*Em] € Ko(V). In particular, this implies that
eo(Ev) = F*(cp(En)) = g*(cp(Enr)) in A(V), and thus

in(ep(En)) N (=) =in(cp(En)) N (=) : HY) — H(Y).
Proposition 3.7 gives

Lemma 3.8. Let E,E’ be vector bundles on X € Schy. Then for all p,q, the
Chern class operators é,(E), ¢4(E’) commute. For p > 1, ¢,(E) is nilpotent, ¢y(E)
is the identity operator and ¢,(E) =0 for p > rank E.

Indeed, these properties for the Chern classes c,(E) € A(V), V € Sm/k, follow
from [10, Theorem 3.6.2].

Similarly, one has the Whitney product formula for the total Chern class oper-
ator. Let ¢(F) = Z;a:né{ Ee(B).
Lemma 3.9. Let 0 - E' — E — E"” — 0 be an exact sequence of vector bundles
on X € Schy. Then

HE) = &E') 0 d(E") = §(E") 0 &(E").
Indeed, this follows from proposition 3.7 plus the Whitney product formula for

the total Chern class ¢(E) := E;“:é( E e (E) € A(V), for E — V a vector bundle,

V € Sm/k (see [10, Theorem 3.6.2]).
The same reasoning shows that the formal group law for A extends to H:

Lemma 3.10. Let L, M be line bundles on X € Schy,. Then
Fy(e1(L),c1(M)) =& (Lo M).

The properties of the cap product with respect to pull-back and push-forward
give
(1) Let f: Y — X be a projective morphism in Schy, E — X a vector bundle.
Then

feolp(fE) =¢p(E) o fu

(2) Let j : U — X be an open immersion, p : X x F' — X a projection, with
F € Sm/k. Then for E — X a vector bundle, we have

jrod(E)=¢(j"E)o " prod(E)=¢c(ptE)op".

Finally, the projective bundle formula with supports (remark 1.17) and the cap
products give the projective bundle formula for H: For X € Schy, let p: P" x X —
X the projection, and let

a; HX) — HP" x X)

be the composition ¢ (O(1)) o p*. Then
> ai HX)"™ — H(P" x X)
i=0

is an isomorphism.
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4. ALGEBRAIC COBORDISM

We want to consider the two varieties of algebraic cobordism: the bi-graded
theory MGL™™ represented by the algebraic Thom complex MGL € SH(k), and
the theory €, the universal oriented Borel-Moore homology theory on Schy, (in the
sense of [6, Definition 5.1.2]). As above, we will assume that k& admits resolution
of singularities. For the basic definitions and notions of motivic homotopy theory
used below, we refer the reader to [2, 8, 9, 12].

The Thom complex MGL is constructed from the Thom spaces of the universal

bundles E,, — BGL,, MGL,, := Th(E,) := E,/(E, \ OcL, ),
MGL := (pt, MGL;, MGLs, . ..).

The bonding maps are given via the inclusions i,, : BGL,, — BGL,,t1, noting that
15 (Eny1) 2 E, @ OpgL,,, and thus we have

Sy Th(E,) = Th(E, ® Ogcr, ) = Th(if Eni1) 2 Th(Eng).

We recall from [10, 3.8.7] the orientation on MGL™*. First of all, MGL™™ is a
bi-graded ring cohomology theory on SP, with

MGLE?(M) := Homsyyr) (27 M /(M \ X)), SP9MGL).

The ring structure is given by the canonical lifting of MGL to a ring object in the
category of symmetric T-spectra (see e.g. [11]). The orientation is given by a Thom
structure and Panin’s theorem [10, Theorem 3.7.4], which associates an orientation
to a ring cohomology theory with a Thom structure. The Thom structure is induced
by choosing a Thom class on the universal Thom space Th(Ope (1)), which we now
describe. Since P> = BGL;, and Op(1) is the universal bundle on BGL;, the
Thom space

Th(Op= (1)) = Ope (1) /(Op= (1) \ P)

is by definition equal to MGL;. The identity map on Th(Op«(1)) thus extends
canonically to a map

L2 2°Th(Op= (1)) — 2 MGL = ¥>'MGL

giving the universal Thom class [¢] € MGL3 (Op<(1)). If now L — M is a line
bundle on some M € Sm/k, Jouanoulou’s trick gives us an affine space bundle
p: M — M with M’ affine. We replace L — M with L' — M’, giving the Al
weak equivalence Th(p) : Th(L') — Th(L), and thus, the isomorphism

Th(p)* : MGLy; (L) — MGLy/ (L)).

As M’ is affine, L’ is generated by global sections, so there is a morphism f : M’ —
P> with L’ & f*(Op(1)). One defines

th(L) € MGL2 (L)
as th(L) = (Th(p)*) ™" o f*([t)).

Proposition 4.1. Let k be a field admitting resolution of singularities. Then there
is a unique bi-graded oriented duality theory (MGL., ., MGL*™) such that the orien-

tation on MGL*"* is the one with associated Thom structure given by the universal
Thom class [1] € MGLIQP’;(OPoo(l)).
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We use the notation MGL;* to distinguish the Borel-Moore homology theory
from the homology theory

MGL, ¢(X) := Homgpx)(Sp?, MGL A 27X ).

Proof. Indeed, the Thom class assignment L +— th(L) € MGL}; (L) described
above is shown to give a Thom structure on MGL™" in e.g. [11]. Panin’s theorem
[10, Theorem 3.7.4] gives the associated orientation for MGL**, and we may apply
the bi-graded version of theorem 3.4 to complete the proof. [

We now turn to the “geometric” theory €2.. In spite of the terminology, €2, does
not satisfy all the properties of the underlying Borel-Moore homology theory of
a Z-graded oriented duality theory: instead of the long exact sequence of a pair
1:Y — X, one has a right-exact sequence

0 (Y) 25 Q0 (X) 25 Qu(X\ Y) = 0.
In any case, (2, does act as if it were at least part of a universal theory. Given
a functor
H, . :Sch) — bi-GrAb
and an X € Schy, we let Hoy (X) = ®pHop n(X), giving the functor
Hy, ot Sch;c — GrAb.

Proposition 4.2. Let k be a field admitting resolution of singularities, and let
(H, A) be a bi-graded oriented duality theory. Then there is a unique natural trans-
formation

ﬂH : Q* i HQ*,*
of functors Sch), — GrAb, satisfying

(1) Let j : U — X be an open immersion in Schy. Then the diagram

commutes.
(2) Let f: M — N be a morphism in Sm/k, dy = dimy N, dp; = dimy M,
d = codimf :=dy — dps. Then the diagram

«@ oy (N
Q, (V) Sxedn (), A2dn =245

fﬂ P*

Q*_ M ; 2dN —2x%,—*
d< ) an, MoV (M) A (M)

commutes.
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(3) Let L — X be a line bundle on some X € Schy,. Then the diagram

Q.(X) — 29 g, (X)

61(L)l l&l(L)

Q.1 (X Hoy 9. 1(X
1( )T(Xg 2%—2, 1( )

commutes.

(4) For M € Sm/k of dimension dpr over k, set Q"(M) := Qq,,—n(M). Then
the map an a0 9p : (M) — A?**(M) is a homomorphism of graded
riNgs.

Proof. We let L, denote the Lazard ring, that is, the coefficient ring of the universal
rank one commutative formal group law,

FL(u,v) :=u+v+ Z aiju'v’

ij>1

L is generated as a commutative Z-algebra by the coefficients s;;, and we give LL the
grading with deg(a;;) =i+ j — 1. We use the construction of €, as the universal
“oriented Borel-Moore functor of geometric type” on Schy, (see [6, Definitions 2,1,1,
2.1.12, 2.2.1 and Theorem 2.3.13]). Since Ha, . does not have all the properties of
an oriented Borel-Moore functor of geometric type, we are forced to go through the
actual construction of €2,; we will give a sketch of this three-step process, referring
the reader to [6, §2] for the details.
Step 1. For Y € Sm/k of dimension dy over k, let py : Y — pt be the structure
morphism, and define the fundamental class [Y]g € Hagy gy (V) by

Yn = ayy (v (1)

where 1 € A%0(pt) is the unit.

For X € Schy, let Z,(X) denote the group of dimension n cobordism cycles on
X. This is the group generated by tuples (f : Y — X; Lq,...,L,), with Y € Sm/k
irreducible of dimension n + r over k, f a projective morphism, and L, ..., L, line
bundles on Y (we allow r = 0). We identify two cobordism cycles by isomorphism
over X (see [6, Definition 2.1.6]. Note that this includes reordering the L;). Z,.(X)
has the following operations:

i. Projective push-forward. For f : X — X' a projective map in Schy, set
g*((f : Y_>X7L175L7")) = (gof : Y_>X/;L1a"'7L7")'

ii. Smooth pull-back. Let h : X’ — X be a smooth, quasi-projective morphism
of relative dimension d. Set

W((f:Y—-X;Ly,..., L))
= (p2: Y xx X' — X'spiL1,...,p{ L) € Zgin(X').
iii. Chern class operator. Let L — X be a line bundle. Set

al)((f:Y — X;Ly,...,L,))
=Y —>X;Ly,...,L,, f*L) € Z,_1(X).
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iv. Ezternal products. Define
X 1 Zp(X) X Z0(X') = Zpgm (X x X')
by
(f:Y = X;Ly,..., L) x (f : Y — X's My,..., M)
=(fxf Y xY - XxX';piLy,...,piLe,p5M,...,p5M,)
Define 9y (X) : Z,(X) — Hax (X) by

(X)) (f:Y = X;L1,..., L)) i= fu(@1(L1)o. . 0e1(L)([Y)i)) € Hoay —ardy —r(X).

The properties of projective push-forward, pull-back for open immersions, and
Chern class operators for H that we have discussed in §3 imply that the 9z (X)
define a natural transformation of functors

[0F : Z. — Hax ] : Schj, — GrassAb,

and that ¥}, is compatible with pull-back for open immersions, and with the re-
spective Chern class operators for line bundles.

For M € Sm/k of dimension dy; over k, we let Z*(M) := Z4,,—.(M). We have
the map

DM = ang a0 0% (M) 1 Z¥(M) — A%**(M).

It is easy to see that ¥4 has the same compatibilities as ¥, and in addition, 94 is
compatible with smooth pull-back and external products.

Step 2. The formal group law Fy4(u,v) € A%**(pt)[[u,v]] gives rise to the classify-
ing map
pa Lo — AT (pt),

a homomorphism of graded rings. Via the structure morphism px : X — pt,
Hs, .(X) becomes a graded module over A~2*~*(pt), and the projective push-
forward, open pull-back and Chern class operators are all A=2*~*(pt)-module maps.
Via @4, Ha.«(X) becomes a graded module over L,, and the projective push-
forward, open pull-back and Chern class operators are all LL,-module maps. Thus,
V1, gives rise to the natural transformation

[% : L, ® Z, — Ha,.] : Sch}, — Gry, Mod

compatible with open pull-back and Chern class operators.
Similarly, we have the maps

95 (M) : L* @ Z*(M) — A>* (M),

compatible with projective push-forward, smooth pull-back, Chern class operators
and external products. Here L” :=LL_,,, giving the graded ring L* and the graded
ring homomorphism @4 : L* — A%**(pt). The graded group A%**(M) is thereby a
graded L*-module, and the projective push-forward, smooth pull-back and Chern
class operators are all L*-linear. The external products are IL*-bilinear.

Step 3. The group Q.(X) is defined as a quotient of L, ® Z,(X) by imposing
relations on the Borel-Moore functor L, ® Z, (see [6, Definition 2.2.1,]):
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a. The dimension aziom. For each X € Schy, let Z (X) be the quotient of
Z.(X) by the subgroup generated by elements of the form

(f Y — X? 7T*(IJI)a s 77T*(L7')7M17 s 7MS)

where 7 : Y — Z is a smooth morphism in Sm/k, Li,...,L, are line
bundles on Z and r > dimy, Z.

b. The Gysin aziom. For each X € Schy, let ,(X) be the quotient of Z, (X)
by the subgroup generated by elements of the form

(f:Y—>X;Li,....L.)—(foi:Z— X;i*Ly,...,i"L,_q)

where ¢ : Z — Y is the inclusion of a smooth codimension one closed
subscheme Z such that Oy (Z) & L,.

c. The formal group law. $.(X) is the quotient of L, ® Q, by the L,-
submodule generated by elements of the form

fe([Fa(ér(L), &1(M)) = é1(L @ M)](n)),

as f: Y — X runs over projective morphisms with Y € Sm/k irreducible,

L, M run over line bundles on Y, and 7 runs over elements of Z,(Y") of the

form ¢ (Ly)o...0¢(L)(idy : Y — Y) for line bundles L;,...,L. on Y.
It follows from the results of [6, §2.4] that all the above operations are well-defined,
and that Z,, Q, and €, inherit the operations of projective push-forward, smooth
pull-back, Chern class operators and external products from Z,.. Finally, by [6,
Theorem 2.4.13], Q. is the universal oriented Borel-Moore L.-functor of geometric
type.

To extend 9% to the desired natural transformation 9, we need only show that

9%, sends to zero the elements described in (i)-(iii) above. In fact, we note that

Lemma 4.3. Let A be a bi-graded oriented ring cohomology theory on SP. Then the
restriction of A?** (with the integration on A subjected to the given orientation) to
Sm/k defines an oriented cohomology theory on Sm/k, in the sense of [6, Definition
1.1.2].

Proof. Indeed, an oriented cohomology theory on Sm/k (following [6]) is a con-
travariant functor A* from Sm/k to graded, commutative rings with unit, plus
push-forward maps f, : A*(Y) — A*+t4(X) for each projective morphism f :Y —
X, d = codimf, satisfying the functoriality of projective push-forward, commuta-
tivity of pull-back and push-forward in transverse cartesian squares, the projective
bundle formula (with ¢; (L) := s*s4(1x) for L — X a line bundle with zero-section
s) and an extended homotopy property:

p* i AY(X) — A*(E)

is an isomorphism for each affine space bundle p : E — X. These properties for an
oriented ring cohomology theory are all verified in [10]. d

By [6, Theorem 7.1.1] the structures we have defined on Q* admit a unique
extension to make Q* an oriented cohomology theory on Sm/k, in the sense of [6].
By [6, Theorem 7.1.3], Q* is the universal oriented cohomology theory on Sm/k.
Thus, given a bi-graded oriented ring cohomology theory A on SP, there is a unique
natural transformation of oriented cohomology theories on Sm/k

94 QF — A%



44 MARC LEVINE

By [6, Proposition 5.2.1] the Chern class operators in * are given by cup product
with the Chern classes ¢;(L). As the image in Q*(M), [f: Y — M;Lq,...,L,],of a
cobordism cycle (f : Y — M;Ly,...,L,) is equal to fo(¢1(L)o...0é (L) (py (1)),
it follows that

IMf:Y = M;Ly, ..., L)) =9M(f : Y — M;Ly,..., L))

Also, 94 : Q*(pt) — A%*(pt) is a graded ring homomorphism, and 94 is a Q*(pt)-
module homomorphism, so

I a-[f:Y = M;Ly,....L)])) =04(a® (f: Y — M;Ly,..., L))

for all a € L., in other words, 94" descends to the natural transformation 94 : Q* —
AQ*,*'
This immediately implies that 92, descends to a natural transformation

’l9H : Q* — H2*7*.

Indeed, the elements described in (i)-(iii) are all of the form f,(7), for 7 an element
of Z,(YV), Z,(Y)orL,®Q,(Y),withY € Sm/k, f: Y — X aprojective morphism,
and 7 going to zero in Q. (Y"). Since

0= 95 (Y)(r) = avy (95 (Y)(r)),
it follows that 9% (Y)(7) = 0, and thus
0= fu(0(Y)(7)) = 95 (X)(fu(7)).
Thus, 92, descends uniquely to
Pt Qu — Hoy x,

completing the proof of (1)-(4). O

There is still the question of the behavior of ¥y with respect to cap products
and external products. We recall [6, Theorem 7.1.1], which states that Q. admits
functorial pull-back maps for all 1.c.i. morphisms in Schy, extending the pull-back
maps for smooth morphisms, and satisfying the axioms of an oriented Borel-Moore

homology theory on Schy, (in the sense of [6, Definition 5.1.2]). This enables us to
define a cap product map

fr ()N QM) @ Qp(Y) — (V)
for each morphism f:Y — M, M € Sm/k. Indeed, we have the external product
x : QM) @ Qp(Y) = Qp_gran (M xY)

As M is smooth, the graph embedding (f,idy) : Y — M xY is a regular embedding
of codimension d;;, so we have a well-defined pull-back

(fa idY)* : QP—Q-‘rdM (M X Y) - QP—Q(Y)'

We set f*(a) Nb:= (f,idy)*(a x b) for a € QU(M), b € Q,(Y).
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Proposition 4.4. Let f : Y — M be a morphism in Schy, with M € Sm/k. Then
the diagram

QM) &, (V) — 20 50, (v)

aM,MowA(M)MH(Y)J( PH(Y)

AQq’q(M) ® H2p,p(Y) H2(p—q),p—q(y)

—
f (=)n
commutes.

Proof. Suppose first that Y is in Sm/k, of dimension dy over k. It is easy to see
that the map

Fr (=N QM) @ (V) — Qpy(Y)
is given by
fr@)nb=f"(a)Ub,

after making the identification Q,,(Y) = Q4 ~"(Y), where the f* on the right-hand
side is the pull-back map f* : Q*(Y) — Q*(M) and U is the product on Q*(Y).
The analogous formula on the (H, A) side follows from definition 3.1(A4). Thus,
the proposition is true for Y € Sm/k.

In general, we recall from [6, Lemma 2.5.11] that Q,(Y") is generated (as an

abelian group) by the classes of the form [g : W — Y], W € Sm/k, g projective.
For both €, and H, ., we have the identity

9-((f 0 g9)"(a) Nb) = f(a) N g«(b).

Since Yy commutes with projective push-forward, and ¥4 commutes with pull-
back by arbitrary morphisms in Sm/k, the case of smooth Y implies the general
case. U

Proposition 4.5. The natural transformation ¥y is compatible with external prod-
ucts: For a € Q,(X), b€ Q,(Y)
19H(CL X b) = 19H(a) X ’L9H(b) S H2(p+q),p+q(X X Y)

Proof. The proof is similar to that of proposition 4.4. Since the external products
are compatible with push-forward (as in definition 3.1(A3)(ii)), it suffices to handle
the case of smooth X and Y. The statement is then a consequence of the fact that
9A(M) : Q* (M) — A%**(M) is a ring homomorphism. O
Comparing Q* and MGL’Q*V*. Putting proposition 4.1 and proposition 4.2 together,
we have the natural transformation
[mcr - @ — MGL), ] : Schy, — GrAb
extending the natural transformation of oriented cohomology theories on Sm/k
MEL L 0 — MGL*

discussed in [6]

Conjecture 4.6. Let k be a field of characteristic zero. Then Vyar @ Qs —
MGL'Q*y* s an isomorphism.
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The analogous conjecture for YL was stated in [6]. In fact, the extension of
IMGL to Ypars should allow one to use localization to prove the conjecture. We
give a sketch of the argument here, details may be found the in preprint [5].

It follows from an unpublished work of Hopkins-Morel, constructing a spectral
sequence from L*® H*(—, Z(x)) converging to MGL**, that the map 9™ (Spec F)
is an isomorphism for any field F finitely generated over the base-field &k (in charac-
teristic zero). Now that we have the extension to ¥ygr/, we can use the right-exact
localization sequence and induction on the Krull dimension to prove the result in
general.

Indeed, for a given X € Schy, let

O (X) = lim Q.(W)

where the limit is over all closed subsets of W not containing any generic point of
X. Define MGL." (X) similarly. We have the commutative diagram

25 %

QW (X) — 5 0,(X) — L5 0, (k(X)) — 0

ﬂ(l)(X)l ﬁ(X)J Jﬂ(k(X))

MGLy. 11 . (k(X)) 5 MGLY), (X) 5> MGL, L (X) - MGLa. . (k(X)) =0

2% %

with exact rows. Assuming ¥ (X) is an isomorphism, and noting that 9(k(X))
is an isomorphism, we already find that 9(X) is surjective. To show that ¢(X) is
injective, we need only lift the map 0 to a commutative diagram

MGLa, 1. (k(X)) —— 2V (X)

19[ Jﬂm(x)

MGL), 1 . (k(X)) —— MCLY, (X)

2% %

such that i, 0 & = 0 and ¥’ is surjective. For this, one uses the Hopkins-Morel
spectral sequence to get a handle on elements generating MGLy, ,; ,(k(X)) and
then the formal group law to understand the boundary map O on the generators.
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