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A bi-variant algebraic cobordism via correspondences

SHOJI YOKURA

Abstract: A bi-variant theory B(X,Y") defined for a pair (X,Y)
is a theory satisfying properties similar to those of Fulton—Mac-

Pherson’s bivariant theory B(X ER Y) defined for a morphism
f X — Y. In this paper, using correspondences we construct a
bi-variant algebraic cobordism Q*#(X,Y) such that Q*#(X, pt) is
isomorphic to Lee—Pandharipande’s algebraic cobordism of vector
bundles Q_, 4(X). In particular, Q*(X,pt) = Q*°(X,pt) is iso-
morphic to Levine-Morel’s algebraic cobordism _,(X). Namely,
Q*#(X,Y) is a bi-variant version of Lee-Pandharipande’s algebraic
cobordism of bundles €, 4(X).

Keywords: (Co)bordism, algebraic cobordism, algebraic cobor-
dism of bundles, correspondence.

1. Introduction

This is a continuation of our previous works [23] and [24] and also partially
motivated by a recent book [13] by D. Gaitsgory and N. Rozenblyum.
In [12] W. Fulton and R. MacPherson have introduced bivariant the-

ory B(X ERN Y) with an aim to deal with Riemann-Roch type theorems
for singular spaces and to unify them. B,(X) := B~*(X — pt) becomes a

covariant functor and B*(X) := B*(X Mx, x ) a contravariant functor. In

this sense B(X ER Y) is called a bivariant theory. In [21] (cf. [22] and [25])
the author introduced an oriented bivariant theory and a universal oriented
bivariant theory in order to eventually construct a bivariant algebraic cobor-

dism Q*(X ER Y') which is supposed to be a bivariant-theoretic version of
Levine-Morel’s algebraic cobordism! Q,(X) in such a way that the covariant
part Q*(X — pt) becomes isomorphic to Levine-Morel’s algebraic cobor-

dism Q,(X), thus Q*(X ey x ) would become really a new contravariant
“cobordism”.
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Our general universal bivariant theory Mg(X EN Y') defined on a cate-
gory €, equipped with a class C of confined morphisms, a class S of special-
ized morphisms and a class Znd of independent squares, is defined to be the
free abelian group generated by the set of isomorphism classes of confined
morphisms ¢ : W — X such that the composite of ¢ and f is a specialized
morphism:

(1.1) W
Coc foc €S

O
X 7 Y.

Here we note that confined and specialized morphisms are both closed under
composition and base change and the identity morphisms are defined to be
both confined and specialized. In the case of the category of complex algebraic
varieties, a proper morphism is confined and a smooth morphism is specialized

and in [21] we consider the universal bivariant theory MPIoP(X ERN Y') where
prop = C is the class of proper morphisms and sm = S the class of smooth
morphisms, in order to construct the above-mentioned bivariant algebraic
cobordism Q*(X ER Y). If the coproduct Ll is well-defined in a category €,
then we can consider the Grothendieck group M§ (X ERN Y)™, which is the

quotient group M&(X ER Y') modulo the relations
WX +vE X =wuv 2 X

In [2] (also see his Ph.D. Thesis [4]) T. Annala considered the univer-
sal bivariant theory ME/P (X ER Y)" ® L where L is the Lazard ring and

usm
qusm = § is the class gf quasi-smooth morphisms in the category of derived
schemes, instead of considering the above MEP? (X EN Y)*. A quasi-smooth
morphism is closed under composition and base change. Note that a local com-
plete intersection (abbr., £.c.i.) morphism is not necessarily closed under base
change in the classical category of algebraic schemes, but it is closed under
base change in the category of derived schemes since it is quasi-smooth. Then,
by considering some bivariant ideal (RYS)(X ERN Y) of MEVSP (X ERN Y)*, he
defined the quotient group

MProp
( 1 ) 2) qusm (

»
| =
h<
-
| ®
-
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which is his bivariant derived algebraic cobordism Q*(X EN Y). It turns out
that *(X — pt) is isomorphic to the derived algebraic cobordism d€2, (X)) of
Lowrey—Schiirg [20], which is isomorphic to Levine-Morel’s algebraic cobor-
dism €Q.(X). Thus T. Annala has succeeded in constructing a bivariant-
theoretic version of Levine-Morel’s algebraic cobordism.

A motivation of considering MPIP(X EN Y), i.e., the form (1.1) above
with prop = C and sm = §, is that cobordism cycles, which are key ingre-
dients of Levine-Morel’s algebraic cobordism €. (X), are of the form [W %
X;Ly,..., L] where p : W — X is a proper morphism, W is smooth and
L;’s are line bundles over W. Namely, putting aside line bundles L;’s, the
data of a proper morphism W £ X with smooth W is the same as the above
commutative diagram (1.1) with Y = pt a point, f = ax : X — pt and
aw = ax op : W — pt, the morphisms to a point, such that ¢ : W — X
is proper and aw : W — pt is smooth. Namely, it is the left commutative
diagram below:

(1.3) w = w
D S

X X pt.

However, it is clear that the left commutative diagram is actually the same as
the right diagram (without making it commutative via the map ax : X — pt).
A general diagram X & W 3 Y is called a correspondence. Then the free
abelian group generated by the isomorphism classes of such correspondences
X & W 3 Y with proper p and smooth s is denoted by MP'?(X,Y),
similarly to M2r°P(X — Y'). When Y = pt is a point, we have the canonical
isomorphism MEIP(X — pt) = MPTP(X, pt). In a general situation we have
“forgetting the morphism f”, § : METoP(X EN Y) — MPrP(XY), which is an
embedding or a monomorphism, defined by F([W & X]) := [X &£ W Lo, Y]:

forget the morphism f

(1.4) w > W
P fop P fop
N\ N
X 7 Y X Y

Here we note that if f : X — Y is not surjective, then there does not exist
a proper morphism p : W — X such that the composite fop : W — Y
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is smooth, thus MPP(X ERN Y) = 0, however METP(X,Y) # 0. As ex-

plained above, in [2] Annala overcomes this kind of drawback MPoP(X ER
Y) = 0 by considering quasi-smooth morphisms in the category of derived
schemes.

In [6] Annala and the author constructed a bivariant theory Q*#(X ERN Y),
which is generated by the isomorphism classes of [W 5 X, E] where p is
proper and the composite f op is quasi-smooth and F is a vector bundle over
W. # refers to the rank of a vector bundle E. Q*#(X — pt) is isomorphic
to Lee-Pandharipande’s algebraic cobordism of vector bundles €, 4(X) [18].

Thus Q*#(X ER Y') is a bivariant-theoretic version of €2, 4(X).

In §4.3 we show that there is a bi-variant® algebraic cobordism Q**(X,Y),
using isomorphism classes of correspondences [X < W 2 Y; E] with vector
bundles F over W, and we have the canonical homomorphism “forgetting the
morphism f7:

09X Ly) - aX,Y)

defined by (W & X; E)) = [X £ W Lo, Y; E]. @%%(X, pt) is isomorphic
to Lee-Pandharipande’s algebraic cobordism €, 4(X), hence Q**(X,Y) is a
bi-variant version of Lee-Pandharipande’s algebraic cobordism €, 4(X). In
the case when we consider E = 0 the zero bundles, Q*(X,Y) = Q*%(X,Y) is
a bi-variant version of Levine-Morel’s algebraic cobordism €, (X).

For considering the above bi-variant theory Q(X,Y"), there are a few more
motivations other than the above very simple observation (1.3):

1. Speaking of a bivariant theory, there is another bivariant theory, which
is called a bivariant K-theory or K K-theory K(X,Y) due to G. Kas-
parov [15]. This is well-known and has been studied very well in C*-
algebra and operator theories. In [10] (cf. [8, 9]) H. Emerson and R.
Meyer described K (X,Y), using correspondences. Hence it would be rea-
sonable or natural to consider such a K K -theory type “bivariant” theory
Q(X,Y), instead of UX — Y) in the sense of Fulton-MacPherson.

2. Since we have the natural homomorphism

§ M (X Loyt o M (X, V)

qusm qusm

it would be quite natural to think that there must be some “bi-variant”
version Q*#(X,Y), using MP"%? (X, Y)*, corresponding to Q*F(X EN Y)

qusm

2In order not to be confused with a bivariant theory in the sense of Fulton—
MacPherson, we use “bi-variant” in [23].
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which is constructed by using MEIP (X = Y)*:
My, (X 4 )T T My (X V)
| |
QX L y) § Q*4(X,Y)
3 3
QH(X = pt) s QSE(X, pt)

The bottom isomorphism may be expected from (1.3) above.
3. Levine-Morel’s algebraic cobordism €2, (X) satisfies the following:

e For a proper morphism f : X — Y we have the pushforward
fe 1 (X)) = Qu(Y), which is covariantly functorial,

e For a smooth morphism g : X — Y we have the pullback ¢* :
Q.(Y) — Q.(X), which is contravariantly functorial,

e For a fiber square
x L X

al |7

Y —— Y,
g

where f is proper and ¢ is smooth, thus so are f’ and ¢’, respec-
tively, we have
fiolg) =g" o fi 1 QUu(X) = Qu(Y)

which is called base change isomorphism or Beck—Chevalley con-
dition.

Such a functor is called is a “bi-variant” functor, e.g., see [13, Part III
Categories of Correspondences, §1.1, p. 271 and §0.1.1., p. 285]. In or-
der to encode such a bi-variant functor, in [13] D. Gaitsgory and N.
Rozenblyum consider a category C (with finite limits) equipped with
two classes of morphisms vert and horiz (both closed under compo-
sition and base change) and consider correspondences written as fol-
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lows:

(15) 0071 L Co
d
C1

where f is vert and g is horiz. For such a correspondence they consider
a pushforward ®(f) : ®(co1) — ®(c1) and a pullback ®'(g) : ®(co) —
®(cp) for some bi-variant functor ®. Using these, they consider the
composition ®(f) o ®'(g) : ®(co) — P(c1), which is considered as a
functor defined on the category of correspondences, i.e., a morphism
from ¢g to ¢; is this correspondence. They use such correspondences
in order to encode a bi-variant functor with values in a oo-category
and furthermore to encode Grothendieck six-functor formalism. As the
above diagram (1.5) indicates, vert and horiz clearly come from “ver-
tical” and “horizontal”, respectively, however their real roles or prop-
erties are exactly the same as those of confined and specialized, respec-
tively. Hence, it would be reasonable or natural to consider some the-
ories similar to a bivariant theory in the sense of Fulton—-MacPherson
and/or our bi-variant theory in Gaitsgory-Rozenblyum’s study of corre-
spondences. For example, in [1] T. Abe introduces a kind of bivariant
theory (in the sense of Fulton-MacPherson, but missing the structure
of bivariant product) with values in an oo-category, using correspon-
dences.

In §2 we make a quick review of Fulton-MacPherson’s bivariant theory
[12] and the author’s universal bivariant theory [21] (cf. [22]). In §3 we recall
cobordism bicycles of vector bundles [X w3y, E] and their properties,
which are key ingredients for our bi-variant theory Q*#(X,Y). In §4 we define
our bi-variant theory

. MHEHX YT
AN Ty

after defining a bi-variant ideal (R™)(X,Y"), such that Q"#(X, pt) = Q_, 4(X)
which is Lee-Pandharipande’s algebraic cobordism of vector bundles [18]. In
the final section §5 we discuss a bit some possible generalized versions of An-

nala’s bivariant algebraic cobordism Q*(X — Y') and our bi-variant theory
QO (X, Y).
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2. Fulton—MacPherson’s bivariant theory and a universal
bivariant theory

We make a quick review of Fulton-MacPherson’s bivariant theory [12] (also
see [11]) and the author’s universal bivariant theory [21] (also see [22]).

2.1. Fulton—MacPherson’s bivariant theory

Let € be a category which has a final object pt and on which the fiber product
or fiber square is well-defined. Also we consider a class of morphisms, called
“confined morphisms” (e.g., proper morphisms, projective morphisms, in al-
gebraic geometry), which are closed under composition and base change and
contain all the identity morphisms, and a class of fiber squares, called “inde-
pendent squares” (or “confined squares”; e.g., “Tor-independent” in algebraic
geometry, a fiber square with some extra conditions required on morphisms
of the square), which satisfy the following:

(i) if the two inside squares in

X — X

xr M x4 x al K
| |7 |7 or Y —— Y
Y —— Y Y a I

g

Z/TZ

are independent, then the outside square is also independent,
(ii) any square of the following forms are independent:

x4y xJt.oy

f f idxl \Lidy

Y —Y X ——Y
idx f

where f: X — Y is any morphism.

Remark 2.1. Given an independent square, its transpose is not necessar-
ily independent. For example, let us consider the category of topological
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spaces and continuous maps. Let any map be confined, and we allow a fiber
square

x -, x

3l K
Y —— Y
g
to be independent only if g is proper (hence ¢’ is also proper). Then its trans-
pose is not independent unless f is proper. (Note that the pullback of a proper
map by any continuous map is proper, because “proper” is equivalent to “uni-
versally closed”; i.e., the pullback by any map is closed.)

A bivariant theory B on a category ¥ with values in the category of

graded abelian groups is an assignment to each morphism X Iy ¥ in the
category ¥ a graded abelian group (in most cases we ignore the grading)

B(X ERN Y’) which is equipped with the following three basic operations. The
i-th component of B(X EN Y), i € Z, is denoted by B(X EN Y).

1. Product: For morphisms f : X — Y and g : Y — Z, the product
operation

o B(XLY)aB(Y % 2)» B (X Y 2)

is defined.
2. Pushforward: For morphisms f : X — Y and g : Y — Z with f
confined, the pushforward operation

foB(X Y 2) 5 B(Y % 2)

is defined.
3. Pullback: For an independent square

X L. x

al |7

Y —— Y,
g

the pullback operation
7B Ly)sBx Ly

is defined.
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An element a € B(X ERN Y') is sometimes expressed as follows:

@

!

X Y

These three operations are required to satisfy the following seven compatibil-
ity axioms ([12, Part I, §2.2]):

(A1) Product is associative: for X Ly % 25 w with
aeBXLY),BeBY S 2),yeB(Z W),
(@eB)ey—ae(Ger).

(A2) Pushforward is functorial: for X Ly % 7 M W owith fand g

confined and o € B(X hogel, W)

(g0 f)ile) = gu(fula)).
(A3) Pullback is functorial: given independent squares
xr 2 x L x
I Y
Y” Y’ Y

h g
(goh)* =h og".

(A12) Product and pushforward commute: for X Ly L zhw

with f confined and o € B(X 25 2),8 € B(Z & W),
fila o) = fia)ef.
(A13) Product and pullback commute: given independent squares

x ", x
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with o € B(X L V), 8 B(Y % 2),
h*(ae B) = 1" (a) & h*(B).
(A23) Pushforward and pullback commute: given independent squares

x My x

al |7

vy My

7| s

Z,T>Z

with f confined and o € B(X 9o/, Z),

Lol (@) = 1™ (fu(@)).

(Aj23) Projection formula: given an independent square with g confined
and a € B(X L V), 8 e B(Y' 2% 2)

X % x

al |1

Y’ > Y Z
9 h

and a € B(X L Y), 8 e B(Y' 2% 2),

9u(g9" () @ B) = v @ g ().
We also assume that B has units:

Units: B has units, i.e., there is an element 1x € B°(X 1dx, X) such that
a e 1lx = « for all morphisms W — X and all o € B(W — X), such that
1x e 3 = f for all morphisms X — Y and all § € B(X — Y), and such that
g'ly =1x forallg: X' — X.
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Commutativity: B is called commutative if whenever both

w2 x w Ly
f’l lf and g’l lg
y¥—=172 X —=7

are independent squares with o € B(X ER Z)and € B(Y & 7),

g (o) e f=f"(B)ea.

Let B, B’ be two bivariant theories on a category €. A Grothendieck trans-
formation from B to B, v : B — B’ is a collection of homomorphisms
B(X - Y) - B (X — Y) for a morphism X — Y in the category ¥,
which preserves the above three basic operations:

L y(a e 3) = y(a) em v(f),

2. y(fea) = fiv(e), and

3. 7(g%a) = g™y(a).
A bivariant theory unifies both a covariant theory and a contravariant theory
in the following sense:

B.(X) := B~*(X — pt) becomes a covariant functor for confined mor-
phisms and
B*(X) = B*(X LN ) becomes a contravariant functor for any mor-

phisms. A Grothendieck transformation v : B — B’ induces natural transfor-
mations v, : B, — B, and v* : B* — B'".

Definition 2.1. As to the grading, B;(X) := B~%(X — pt) and B’(X) :=
BI(X 4 X).

Definition 2.2 ([12, Part I, §2.6.2 Definition]). Let S’ be a class of maps
in 7, closed under composition® and containing all identity maps. Suppose

that to each f: X — Y in &' there is assigned an element 6(f) € B(X ER Y)
satisfying that

3In the case of confined maps, we require that the pullback of a confined map is
confined. For this class 8’ we do not require the stability of pullback. For example,
in [12] the class of local complete intersection (abbr. £.c.i) morphisms is considered
as such a class, and the pullback of an f.c.i. morphism is not necessarily a £.c.i.
morphism.
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(i) O(go f)=0(f)ef(g)forall f: X -Y,g:Y =728 and
(i) A(idy) = 1x for all X with 1x € B*(X) := B*(X 1dx, X) the unit

element.

Then 6(f) is called an canonical orientation of f.
Gysin homomorphisms Note that such a canonical orientation makes
the covariant functor B, (X) a contravariant functor for morphisms in &', and

also makes the contravariant functor B* a covariant functor for morphisms in
CNS': Indeed,

1. As to the covariant functor B,(X): For a morphism f : X — Y €
S’ and a canonical orientation 6 on &', the following Gysin (pullback)
homomorphism

fB.(Y) = B.(X) defined by f'(a):=0(f)ea

is contravariantly functorial.
2. As to contravariant functor B*: For a fiber square (which is an indepen-
dent square by hypothesis)

x L.y

idxl Jidy

X T) Y,
where f € C NS, the following Gysin (pushforward) homomorphism
fi:B*(X) = B*(Y) defined by fi(a):= fi(awe0(f))

is covariantly functorial.
The above Gysin homomorphisms are sometimes denoted by f; and f!
respectively in order to make it clear that the canonical orientation 6 is used.

2.2. A universal bivariant theory

(i) Let S be another class of morphisms called “specialized morphisms” (e.g.,
smooth morphisms in algebraic geometry) in %, which is closed under com-
position and base change and contains all identity morphisms.
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(ii) Let S be as in (i). Furthermore, if the orientation 6 on S satisfies that
for an independent square with f € S

X 9 x

al K

Y —— Y
g

O(f") = g*0(f), i.e., the orientation € preserves the pullback operation, then
we call 6 a nice canonical orientation of B. We also assume that our category
V satisfies that any fiber square

P ——P

al |7

QN —— Q

with f being confined, i.e., f € C, is an independent square. In [21] this
condition is called “C-independence”.

Theorem 2.1 (|21, Theorem 3.1]). Let € be a category with a class C of
confined morphisms, a class Ind of independent squares and a class S of

specialized morphisms. We define M&(X EN Y') to be the free abelian group
generated by the set of isomorphism classes of confined morphisms h : W — X

such that the composite of h and f is a specialized morphism: h € C and
foh: W =Y eS.

1. The association Mg 1s a bivariant theory if the three bivariant operations
are defined as follows:

(a) Product: For morphisms f: X — Y and g:Y — Z, the product

o MY(X L y)eaMA(Y & 2) - ME(X 2 2)
is defined by [V LN X] o [W LA Y] = [V’ LELEN X] and extended
linearly, where we consider the following fiber squares

v M x Iy

el w

V » X Y Z.
h f
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(b) Pushforward: For morphisms f: X =Y and g:Y — Z with f
confined, the pushforward

o Me(X 2 2) 5 MY S 2)

is defined by f ([V LN X}) =[V ELN Y] and extended linearly.
(c) Pullback: For an independent square

X -2 x

al |7

Y — Y,
9

the pullback
¢ MX Lyy - ME(x L v

is defined by g* ([V LN X]) = [V’ LR X'] and extended linearly,
where we consider the following fiber squares:

vy
h'l J,h
pEEN

al |7

Y’ — Y.
2. For a specialized morphism f: X —-Y €S,
b () = [X % X eM§(x L y)

is a mice canonical orientation of M§ for S.

3. (A universality of M) Let B be a bivariant theory on the same category
€ with the same class C of confined morphisms, the same class Ind of
independent squares and the same class S of specialized morphisms,
and let 8 be a nice canonical orientation of B for S. Then there exists
a unique Grothendieck transformation vg : M§ — B such that for a
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specialized morphism f : X — Y, yp : M§(X EN Y) - B(X ER Y)
satisfies the normalization condition that ’}/]B(HMg(f)) =0p(f).

Proposition 2.1 (Commutativity?). The universal bivariant theory M§ is
commutative in the sense that g*(a)) @ f = f*(5) e a for a fiber square

X/ g X
f’l @
VA © A

g

Remark 2.2. Here we note that

1. for a confined morphism f : X — X’ we have the pushforward f, :
(MS).(X) — (MS). (X')

2. for a specialized morphism ¢ : Y — Y’ we have the (Gysin) pullback ¢g* :
(M$).(Y") = (M%).(Y), where we use the above canonical orientation

3. for a fiber square

X L X
al |7
V=%

where [ is confined and ¢ is specialized, thus so are f’ and ¢’, respec-
tively. Then we have

fro(g) =g"o fu: (MG).(X) — (Mg).(Y")

which is called base change isomorphism or Beck—Chevalley condition.

Hence the functor (M$), is a bi-variant functor (e.g., see [13, Part III Cate-
gories of Correspondences, §1.1, p. 271 and §0.1.1., p. 285]) from the category
€ equipped with two classes of morphisms confined and specialized to the cat-
egory of abelian groups.

Remark 2.3. Suppose that the coproduct U (like the disjoint union in the
category of sets, the category of topological spaces, etc.) is well-defined® in the

4If g* (o) @ f = (—1)dee(@) dee(B) £+(3) @y holds, then it is called skew-commutative
(see [12, Part I Bivariant Theories, §2.2]).

5Note that there is a category in which the coproduct is not defined, e.g., the
category of finite groups.
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category € and f : XU Xo — Y is defined to be confined (resp., specialized)
if and only if the restrictions f|x, : X; — Y is confined (resp., specialized).
Here f|x, := fou : X; = Y where ¢; : X; — X1 U X5 is the inclusion. If we
consider the following relations on M§(X — Y)
h h
ViUV X) = v 29 X+ v, 2 x]

where we note that (hq Uho)|y, = (hiUhg)or; = h; 1 V; — X, then we get the
Grothendieck group, denoted by M&(X — Y)*. Or the set of isomorphism
classes of [V — X] becomes a commutative monoid by the coproduct

Vi 25 X]+ [Va 22 X] == [Vi U Vp 252 X].

Then the Grothendieck group Mg(X — Y)" is the group completion of this
monoid.

3. Cobordism bicycles of vector bundles

In [23] we considered extending the notion of algebraic cobordism of vector
bundles due to Y.-P. Lee and R. Pandharipande [16] (cf. [19]) to “correspon-
dences”. For later use, we give a quick recall of them.

3.1. Cobordism bicycles of vector bundles

Definition 3.1. Let X & V 3 Y be a correspondence such that p is proper
and and s is smooth, and let E be a complex vector bundle over V. Then
(X £V 5 Y, E)is called a cobordism bicycle of a vector bundle.

Definition 3.2. Let (X & V 5 Y, E) and (X & V' 55 Y, E') be two
cobordism bicycles of vector bundles of the same rank. If there exists an
isomorphism A : V' = V' such that

L(X &V Sy =X i VS Y') as correspondences, i.e., the
following diagrams commute:
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2. EXh*F,
then they are called isomorphic and denoted by

!

XEVEYV.E) 2 (X EV Sy E).

The isomorphism class of (X & V 2 Y; E) is denoted by [X & V 5
Y'; E], which is still called a cobordism bicycle of a vector bundle. For a fixed
rank r for vector bundles, the set of isomorphism classes of cobordism bicycles
of vector bundles for a pair (X,Y’) becomes a commutative monoid by the
disjoint sum:

X &V B Y B+ (X £V, 2 Y, E)

=X &2 iU, 22y B U By,

This monoid is denoted by .#"(X,Y) and another grading of [X & V 3
Y; E] is defined by the relative dimension of the smooth morphism s, denoted
by dim s, thus by double grading, [X & V 5 Y, E] € .4™"(X,Y), where we
set —n = dim s and r = rank E. The group completion of this monoid, i.e.,
the Grothendieck group, is denoted by .#™"(X,Y)". Using similar notations
as in §2.2, /™" (X,Y)" could or should be denoted by (MEoP)™" (X Y)*
where prop = C is the class of proper morphisms and sm = S is the class
of smooth morphisms. But, in order to avoid some messy notation, we use
A (X,Y)", mimicking the notation used in [17].

Remark 3.1. The reason for why we set —n = dim s in the above grading
is requiring that .#_,, (X, pt) := .#™" (X, pt) in the case when Y = pt and
M, (X, pt) is supposed to be the same as .#_,, (X)" considered in Lee-
Pandharipande [18], where —n = dim s is nothing but the dimension of the
source variety V. This is just like setting B;(X) := B~4(X — pt).

Definition 3.3. For three varieties X,Y, 7, by using Whitney sum @ we
define the following product®

o M (X, V)T @MY, Z)T = TR (X, Z) T

XEVSY,Ele[Y LWL Z, F)
=[(XEVIY)o(YEW S 2);(¢)E® (s)F]

n [23] we consider another product eg using tensor product ®. In this paper
we do not consider eog.
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Here we consider the following diagrams:

(@) Ee(s)F

l
]
Xy \Y/ \Z

The middle diamond square is the fiber product and (X &V 5 Y)o (v &
w5 Z) is the composition of correspondences, defined by (X 2v s

YVioe(Y EW 35 72):=(X &y xy W22 Z) in the above diagram.
For later use, we define the following special cobordism bicycles:
Definition 3.4.

1. For a smooth morphism ¢ : Y — Y’, we define
Iy = [Y €Y 5 Y%0] (€ .4~ 5mo0(y,y')h),

2. For a proper morphism g : Y — Y, we define

idy

A=Y &Y 57,0 (€ 4%, Y)T),
3. For any variety Y, 1y := [V Ay v, Y;0] (€ #°°(Y,Y)T). Here

0 is the zero bundle over Y.
4. For a vector bundle E over Y we define

([E] =Y & y X%y, B,

If we need to emphasize the base Y of the bundle E, then we denote it
by [[E]]y. Otherwise we omit the suffix Y unless there is some possible
confusion on which is the base space of the bundle. Hence for the 0-
bundle over Y we have [[0]] = 1y.

5. For two vector bundles £ and F' over the same base Y, we have

[E]] o [[F]] = [[E ® F]].
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From now on we identify [X &V 5 Y] =[X £ V 5 V;0]. Hence we

have

1=V y Ly )=y &y L v 0],

A=Y Ly Yy =y Ly Dy,

Iy = Y &y Dy — [y &y Dy ).

Remark 3.2. We note that by Definitions 3.4 and 3.3 we have
(3.1) XEVSY]=,1e1,.
In general, we can see

(3.2) XLV SY,El=,1e][E]e1,.

So, we have that [X £V 5 V;0] = ,1e[0]el,=,lelyel, =,lel,.
Now we define pushforward and pullback of cobordism bicycles of vector

bundles:

Definition 3.5.

1. (Pushforward)

(a) For a proper morphism f : X — X’ the (proper) pushforward
acting on the first factor X £ V, denoted by f, : MT(X,Y)T =
AT (X' Y) T, is defined by

FIXEVSYE) =X <2V 5y, E].

Note that f.(—) = L e (—).

(b) For a smoothmorphism g : Y — Y”, the (smooth) pushforward act-
ing on the second factor V> Y denoted by g : 4™ (X,Y)T —
AT (X YT T s defined by

(XEVEIYVE).g=X&VE5Y,E]
Here we emphasize that .g is written on the right side of ([X £
V 2 Y E]) not on the left side. Note that (—).g = (—) e 1,.

"In [23] we have .™Tdmar (X Y/)* instead of .4™~4m9r (X Y')* because
in [23] we set n = dim s, not —n = dim s, for the first grading n of .Z™"(X,Y )"
(cf. Remark 3.1 above). This sign change is applied to the other situations below,
as long as the relative dimensions of smooth morphisms are involved.
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(Note also that —m = dim s and dim(g o s) = dims + dimg =
—m +dimg = —(m — dimg).)
2. (Pullback)

(a) For a smooth morphism f : X’ — X the (smooth) pullback acting

on the first factor X & V, denoted by f* : 4™ (X,Y)t
AT (XYY s defined by

FUXEVSYE) =X & X xx VL vy (f)E).
Here we consider the following commutative diagram:

(f)E E

l

X/XXVH-V

N

Note that f*(—) =17 e (-).
(Note also that the left diamond is a fiber square, thus f': X' xx
V — V is smooth and p' : X’ xx V — X’ is proper. Note that
dim f/ = dim f and dim(s o f') = dim s + dim f' = —m + dim f =
—(m — dim f).)

(b) For a proper morphism ¢ : Y/ — Y, the (proper) pullback acting
on the second factor V.= Y, denoted by *g : .4™" (X, V)t —
AT (X, YT is defined by

(X 2V SYE)g=[XZLVxy Y 5V () E).
Here we consider the following commutative diagram:

E (9)E

|,

V%VXY'Y/

SN0,
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Note that (—)*g = (—) e 41.
(Note that the right diamond is a fiber square, thus s’ : V xy Y’ —
Y” is smooth and ¢’ : V xy Y’ — V is proper, and dim s = dim s'.)

Remark 3.3. Since we refer to the formulas noted in the above Definition 3.5
later, we list them here again:

fo(=)=y1e(—),

~—~~ T~ T/~
w W w w

3
4
5
.6

—_— — ~— —
—
L
*

Q —
|
—~
L
[ ]
=
<

Proposition 3.1. The above three operations of product, pushforward and
pullback satisfy the following properties.

(A1) Product is associative: For three varieties X,Y, Z,W we have

(0o B)er—as(Fen)
where o € A™ (X, Y)F, B € 4™F(Y,Z)T and B € M(Z,W)*T.
(A2) Pushforward is functorial:

(a) For two proper morphisms f1: X — X', fo : X' — X", we have

(fao f1)s = (f2)x 0 (f1)s
where (f1)s : A™"( X, V)t — ™" (X', Y)T and (f2)« :
MT(XY)T = (XY

(b) For two smooth morphisms g1 :Y — Y’ g2 : Y = Y" we have

«(g20g1) = «(g1) 0x(g2) d.e, au(gzogr) = (ai(g1)) «(g2)
where (g1) : A"(X,Y) = A0 (XYY and ,(gs)
%mfdim gi,r (X, Y/) N %mfdim g1—dim gg,r()(7 YH).

(A2)’ Proper pushforward and smooth pushforward commute: For

a proper morphism f : X — X' and a smooth morphism g : Y — Y’
we have

g0 fa=feoug, de, (fia) g = fula.g).
(As) Pullback is functorial:
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(a) For two smooth morphisms f1: X — X', fo : X' — X" we have

(fao f1)" = (f1)" o (f2)"

where (fg)*Z./fm’r(X”,Y>+ _)L///m—dimfz,r(ley)—s— and (fl)*i
%mfdim fa,r (X/7 Y)+ N %mfdim fo—dim f1,r (X’ Y)+

(b) For two proper morphisms g1 :Y — Y’ g2 : Y = Y" we have
(g2091) ="(g2) 0" (1) e, a™(gaog1) = (a"(g2)) “(g1)

where *(q1) : A™"(X,Y)T — 4™ (X,Y)T and *(g2)
AT (XYY = (XYY

(As)’ Proper pullback and smooth pullback commute: For a smooth
morphism g : X' — X and a proper morphism f:Y' — 'Y we have

g o'f="fog" ie,g(a”f)=(ga)"f

(A12) Product and pushforward commute: Let « € .#™"(X,Y)" and
Be. MY, Z)*T.

(a) For a proper morphism f: X — X',
flaep)=(fa)e B (€™ ™ X' 2)T).
(b) For a smooth morphism g : Z — Z',
(aef)g=ae(f.g) (€M amerth(X, Z)%).

(A13) Product and pullback commute: Let o € .#™"(X,Y)" and 8 €
///n’k(Y, Z)+,

(a) For a smooth morphism f: X" — X,
[faep)=(fa)ef (e.amtn=imImti(x!, Z)").
(b) For a proper morphism g : 7' — Z,
(aep)'g=ae(3*g) (€™M (X, 2)").

(Ag3) Pushforward and pullback commute: For o € #™"(X,Y)"
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(a) (proper pushforward and proper pullback commute) For proper
morphisms f : X — X and g : Y — Y and for a €
AMT(XY)T

(fea)"g = fula"g) (€ 4™ (X', Y')T).

(b) (smooth pushforward and smooth pullback commute) For smooth
morphisms f : X' =X and g : Y =Y and forae . #4™"(X,Y)"

f*(a*g) _ (f*Oé) g (G %mfdimffdimg,r(Xl7Y/)+)'

(c¢) (proper pushforward and smooth pullback “commute” in the fol-
lowing sense) For the following fiber square

X Lo xr

i |

X’ T) X
with f proper and g smooth, we have
g fe=f.g".

(d) (smooth pushforward and proper pullback “commute” in the fol-
lowing sense) For the following fiber square

vy Loy

il K
Y’ T> Y
with f proper and g smooth, for a € A™"(X,Y")" we have
(a.9)"f = (@ f).4

(A123) “Projection formula”:

(a) For a smooth morphism g:Y — Y’ and « € 4™ (X,Y)" and
Be MY Z)*F,

(awg)eB=aeg'f (€.4m T Mmarth(X, Z)").
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(b) For a proper morphism g : Y — Y, a € #4™"(X,Y)" and
ﬁ c %n,k(yl’ Z)+,

(a*g)eB=aegd (c.a™" (X, 2)").

(Units) 1x = [X dx x Mx, X;0] € #°°(X, X)*" satisfies that 1x e a = «
for any element o € A#™"(X,Y)" and S e1x = 3 for any element
B e Mmr(Y, X",

Remark 3.4. We note that by Definition 3.5 (1) we have

(3.7) fle,1 = f,1 for proper maps f and p,
1,01, =14, for smooth maps s and g,

idx I = Lig, = 1x is the unit.

This reflects also the symmetry between the classes of proper and smooth mor-
phisms, coming from the transposition of correspondences, given by switching
the two sides of a correspondence. Namely, transposition of ;1 e ;1 = 1
is 1, @ 1y = 1., thus transposition of (3.7) is (3.8) and vice versa, putting
aside properness and smoothness of maps. We also see by (3.8) that 1 for
a smooth map s is exactly a canonical orientation in Definition 2.2. And by
Definition 3.5 (2), it follows from both (a) and (b) that for the following fiber
square

)Z' _9_ X

1)

X ——=X
g

with s (hence 5 as well) being smooth and ¢ (hence g as well) being proper,
we have the following

(3.10) 10,1 = E]l ° ]l;.
By Definition 3.5 (2) we have the following:

(3.11) Ly e [[E]] = [[f"E]] ¢ 1,
(3.12) [E]} e 41 = 41 e [[g"E]],
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which are kind of “projection formula”. Hence, using these properties and the
associativity of the product e, for example, we can do the following compu-
tation:

[X&V@Y;E}o[yg

=

Lz

(pLlo[[E]]e1s)e (;Le[[F]]eL)

ple[[E]]e (1 0 1)e[[F]e1,

Le[[E]le(GLel;)e[[F] el

ple([[E]] e;1)e (15 [[F]]) 01,

ﬂ-(glh[[() El]) o ([[(5)"F]] @ 15) o 1
(

=

hS]

p

(pLez1) e ([[(9)"E] o [[(5)"F]) o (17 1)
= posl e [[(9) E@ (5)" F]]e1

T pog

tos

The above proposition follows directly from the definitions. We also note
that all the properties except for (A;) also follow from the property (A4;), i.e
the associativity of product e, and the formulas listed in the above Remark 3.3
and Remark 3.4. Indeed, for example,

o (Ay) (a) follows from (3.3), (A1) and (3.7).
e (Az) (b) follows from (3.4), (A;) and (3.8).
e (Ass) (c) follows from (3.3), (3.5), (A1) and (3.10).
e (As3) (d) follows from (3.4), (3.6), (A1) and (3.10).

The following fact (which also follows from the above (3.10)) is emphasized
for a later use.

Proposition 3.2 (Pushforward-Product Property for Units (abbr. PPPU)).
For the following fiber square

VXyW

Vv w
Y
with s : V=Y smooth and p: W — Y proper, we have

(]lv *S) op. 1y = (ﬁ*]l\/xyw) xS = ﬁ*(leXyW *5) S %*’O(V, W)+.
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Remark 3.5. We note that for the free abelian group .#*#(X,Y’) Defini-
tions 3.3 and 3.5 are also well-defined and Propositions 3.1 and 3.2 hold as
well.

Here we recall that
(XL y)t
is generated by the isomorphism classes of cobordism cycles of the form

V54X B

such that p : V — X is proper and the composite fop: V — Y is smooth
of relative dimension —i and r = rank(F). We have the “forgetting the mor-
phism f”:

§: (X LYyt (X YT

Lemma 3.1. The “forgetting the morphism f7 § : #""(X EN )t —

AMT(X,Y)T commutes with product e and the pushforward and satisfies the
following simple formulas for the canonical orientation and the element [[E]]
for a vector bundle:

1. F(aef) =F(a) e F(H).
2. Sof* :f*OS
3. For a smooth morphism s : X — Y we have
(a) 3(0(s)) = L, ie., (X 5% X)) = [X &5 X 5 V), where
0(s) =X Mdx, X] is the canonical orientation (see Definition 2.2
and Theorem 2.1 (2)).
(b) Fos =s"0F, where s' = 0(s)e is the Gysin homomorphism.
4. For a vector bundle E over X, we let [E] := [X 1dx, X; E]. Then for
the “forgetting” homomorphism § : A" (X Idx, X))t = (X, X))
we have

S(1E]) = [[£]]-

Proof. (3) (a) and (4) are obvious. For the sake of convenience, we write down
proofs for (1), (2) and (3)(b).

1. For [V 2 X; Bl e M**(X L Y)* and [W & Y, F] € M (Y & 2)*,

we have

(V5 X EleWw & v, F))
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= F(V' 2 X KT E @ (f o W)F

hok’

_ [X V! (gof)o(hok') Z: K™ E @ (f/ o h/)*F]

hok

— [X V/ (gok)o(f'of") Z, k//*E D (f/ o h/)*F]

Here we use the following fiber squares

v M x I ow
k”l k’l k
v X .Y z.
h f g

On the other hand, we have

(V2 X E)eF(W L v, F)

— XLV I yiElely Ew Lh 2 p]

hok,//

—_ [X Vl (QOk)O(f,Of/) Z, kl/*E @ (f/ ° h/)*F}

Here we use the following diagram (reusing the above diagram):

V!
y wjh/
%4 w
/ &h / XOIC
X Y Z.

Therefore we do have

F(V DS X El e [W S Y F) =F(V 5 X E) e F(W 5 v, F)).

2. For [V UN'¢ E] € M*¥(X LN Z)*, we have

SRV S X ED) =3V L5 vy E)

= v Ly s 7Ry
= fIxX &V 7op
= LGV 5 X E)
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3. (b)
F(s'(a)) = F(0(s) e a)
=T(0(s)) @ F(a) (by (1)
=1;0F(a) (by (3)(a))
= s"(§(a))
Hence we have Fos' = s* 0 F. O

Remark 3.6. We emphasize that the “forgetting” homomorphism § is not
compatible with pullback. One simple reason is that “pullback” of the bi-
variant theory .#**(— — —)* and four kinds of “pullback” of the present
bi-variant theory .#*f(—, —)* are quite different. Thus §(g*s) cannot be
expressed as ¢*§(s). This is a crucial problem and how to circumvent this
problem is an issue later.

Remark 3.7. Lemma 3.1 (3) and (4) are obvious, but will play roles as a
trick later.

3.2. C—S-correspondences

The cobordism bicycle of the zero bundle [X & V 5 Y:0] is the same as
the isomorphism class [X v Y] of a correspondence with a proper
morphism p : V' — X and a smooth morphism s : V' — Y. So this shall be
called a proper-smooth correspondence. Then the above Grothendieck group
MH(X,Y)T = .*°(X,Y)T with the second degree r = 0 is nothing but the
Grothendieck group of proper-smooth correspondences.

In general, for the class C of confined morphisms and the class S of spe-
cialized morphisms, the isomorphism class [X v Y] of a correspondence
with p € C and s € S shall be called a C-S-correspondence. Then the free
abelian group generated by C-S-correspondences is denoted by M$(X,Y).
If we assume the conditions as in Remark 2.3, then the Grothendieck group
generated by C-S-correspondences is denoted by Mg(X ,Y)*. Then for both
M4(X,Y) and M§(X,Y)* Definitions 3.3 and 3.5 with the data of vector
bundles deleted are also well-defined and Propositions 3.1 and 3.2 with the
data of vector bundles deleted hold as well.

Remark 3.8. As we know, correspondences make a category, usually called
“a category of correspondences”, i.e., a morphism from X to Y is a correspon-
dence X < V%V and the composition of two morphisms X LV 4y and
y & w7 nothing but the composition of these correspondences. In
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[24] M&(X,Y) and M$(X,Y)™T are both called an enriched category of corre-
spondences, because M$(X,Y) and M$(X,Y)* are abelian groups, whereas
in the usual category of correspondences hom(X,Y) is a set. M§(X,Y) and
M&(X,Y)* can be generalized as follows: Let B(X,Y) be abelian groups for
pairs (X,Y’) which satisfy the following:

1. they are equipped with a product o' : B(X,Y) ® B(Y, Z) —» B(X, 2)
which is associative with the unit 1 = 1x € B(X, X),

2. For confined maps f : Y — X there exists distinguished elements f1 €
B(X,Y) such that for two confined maps f:Y — X andg:Y — Z
we have 1o )1 = fop1.

3. For specialized maps s : X — Y there exist distinguished elements
1, € B(X,Y) such that for two specialized maps s : X — Y and
g:Y — Z we have 1,0 1, = 1,5.

4. a1 =1=1;4, is the unit for the identity map idy : X — X,

5. 1,0 ;1= ;1 o' 1~ for the fiber square

X 1= X"

1)

X ——=X
g

with s (hence s as well) being specialized and g (hence g as well) being
confined.

Then as in Remark 3.3, we can define the following two pushforwards and
two pullbacks:

Then we can see that B(X,Y") gives rise to a theory satisfying those properties
in the above Proposition 3.1. Furthermore, we suppose that

1. there is a well-defined element [[E]])’ for each vector bundle over a space
and

2. an abelian group B(X,Y) is generated by elements of the forms ,1 o'
[[E]]" o' 14 for confined maps ¢ and specialized maps s and

3. they satisfy the following properties

(3.13) 1y o [[E]) = [ E]} o 1y.
(3.14) (B o 1= 1o [[g°E])"
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Then ,1 o' 1, and ,1 o [[E]]" o’ 1, shall be respectively called an “abstract”
correspondence and an “abstract” cobordism bicycle of vector bundle. Then
B(X,Y) is respectively a more enriched category of abstract correspondences
and a more enriched category of abstract cobordism bicycles of vector bundles,
compared with the geometric cobordism bicycle of vector bundle [X v
Y; E] = ,1e[[E]]e1,. For such a theory we do have a canonical Grothendieck
transformation, e.g.,

v ME(X,Y) = B(X,Y)
defined by
V(Lo [[E]] @ Ly) := 1o [[E]]' o 1.

Which, in particular, implies that v(,1) = ,1 by considering the special case
when [[E]] = [[0]] = 1y and 1, = 1y for the identity map s = idy, similarly
v([[E]]) = [[E]]' and 7(1s) = 1s by considering the corresponding special
cases. Here we emphasize that a theory satisfying those properties in the
above Proposition 3.1 does not necessarily come from a certain more enriched
category B(X,Y) of abstract correspondences or abstract cobordism bicycles
of vector bundles.

We also have the following “forgetting the morphism f” defined by §([V/ TN
X)) =[x &V I%y

§MS(X L y) - ME(X,Y),
g MS(x Loyt - ME (XY

which are both embeddings or monomorphisms.

4. A bi-variant algebraic cobordism with bundles Q*#(X,Y")

In this section we consider the “correspondence” version of Annala’s bivariant
derived algebraic cobordism Q*(X — Y') [2] and furthermore that of Annala—
Yokura’s bivariant algebraic cobordism with vector bundles Q*#(X — Y [6]
(also see [3, 5]).

From now on, as in [2] and [6], we work in derived algebraic geometry, thus
we work in the context of quasi-projective derived schemes over a base field
of characteristic zero. These are not categories in the classical sense, but oo-
categories, so that one needs some small modifications. One can work either
directly with an oo-category with homotopy fiber squares (instead of fiber
squares), and equivalence classes of arrows (instead of isomorphism classes)
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and a final object unique up to equivalence, e.g., as in Annala’s thesis [4]. Or
one works in the underlying homotopy category, which is a usual category so
that equivalence classes map to isomorphism classes and final objects map to
a usual final object unique up to isomorphism. And instead of fiber products
one works with the commutative diagrams induced from the homotopy fiber
squares, e.g., as in [2]. So one has to be aware that these are usually not fiber
squares in the underlying homotopy category as used before. For simplicity we
work in the underlying homotopy category. Then the notion of a “homotopy
(or derived) fiber square” in the homotopy category is preserved by isomor-
phisms of commutative squares, so that all the constructions for universal
bivariant theories, or those defined via correspondences, work as before, e.g.,
any two arrows

Y

|

X—7

can be completed to a “homotopy (or derived) fiber square” unique up to
isomorphism. Also in this context one can speak of vector bundles E (of con-
stant rank), proper as the confined morphisms and quasi-smooth (of constant
(virtual) fiber dimension) as the specialized morphisms (as discussed in more
detail in [6]).

4.1. A slight modification of .Z**(X,Y)*

In order to construct our bi-variant algebraic cobordism Q*#(X,Y’), we modify
our previous abelian groups .#Z*#(X,Y)7 as follows.

Definition 4.1. Let X < V =Y be a correspondence such that p: V — X
is proper and s : V — Y is quasi-smooth, and let E be a complex vector
bundle over V. Then (X &V 3V E) is still called a cobordism bicycle of a
vector bundle.

Then we define .#%"(X,Y )" (using the same symbol as before) to be an
abelian group generated by the isomorphism classes of cobordism bicycles of
the form [X & V 3 Y; E] such that s : V — Y is a quasi-smooth morphism
of virtual relative dimension —i and r = rank(FE).

Here we note that in the case of the bivariant algebraic cobordism with
vector bundles Q*#(X — Y) we consider

MTNX =YV =Le.4" (X -Y)"
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where 2" (X ERN Y)" is generated by the isomorphism classes of cobordism
cycles of the form

V5 X B
such that p : V — X is proper and the composite fop : V — Y is quasi-

smooth of virtual relative dimension —i and r = rank(FE).

Remark 4.1. If we consider the case when E is the zero bundle 0, i.e.,
[V 5 X; 0], or equivalently we consider [V 2 X], then we have .Z*°(X ER
Y) ", which is nothing but .#*(X ERN Y)™ used in [2]. If we use the notation in
Remark 2.3, .2 (X ER V)™ is denoted by (MFroP (X ERN Y)* where prop = C
is the class of proper morphisms and qusm = S is the class of quasi-smooth

morphisms.

Therefore we have the canonical homomorphism, “forgetting the mor-
phism f”:

G (X Lyt (XYt
defined by
(VX E) =[xV I%y R

Then we get the same results for .#%"(—,—)T as Proposition 3.1 and
Proposition 3.2 as in §3, so omitted for the sake of simplicity.

We recall the following definition of the top Chern class of a vector bundle
[6, Definition 5.5]:

Definition 4.2 ([6, Definition 5.5]). Given a vector bundle E of rank n on
X, we define its top Chern class as

en(E) = s*s1(1x) € 4™ (X 255 X)*

where s : X — F is the zero section.

We note (see [6, Remark 5.6]) that the above ¢,(E) can be expressed
explicitly as follows:

(4.1) ea(E) = [V(s) X% X: 0]

where V(s) is the derived vanishing locus of the zero section and iy (4 is the
inclusion. Hence, it is quite natural to define the “correspondence” version of
the Chern class, still called the top Chern class of the vector bundle F and
denoted by ¢, (E) € .4™°(X, X)*, as follows:
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Definition 4.3.

iy (s)

en(E) = [X <7 v(s) 9 X1 0] € CaM™ (X, X)*.

Lemma 4.1. Let E be a vector bundle of rank n over X.

1. For a proper morphism f : X' = X, fich(f*E) = c,(E)*f, i.e., sl e
cn(f*E) = cp(E) o 1.

2. For a quasi-smooth morphism f: X' — X, ¢, (f*E)«f = ffen(E), i.e
cn(f*E) e 1 = sl ec,(E).

Proof. We prove only the first one, since that of the second one is similar.

By definition we have ¢, (F) = [X e V(s) e X], where we drop the
zero bundle 0 for the sake of simplicity. Hence, using the following diagram
in which the right diamond is a fiber square:

W (s)
lV(s)

X<—X’

we have

—

ivof T iv(s)
— BLELN

a(BE)f=[X V(s) X]
:[X Foiy(s) @ Z.V(i)_) X’]

S R RN
Since ?(s\) is the pullback of the vanishing locus V(s) of the zero section
s by the morphism f : X — X', V(s) is equal to the vanishing locus of
the pullbacked zero section f*s of the pullbacked vector bundle f*E, i.e., we
have ¢, (f*E) = [X' ik \7(5\) e, X']. Hence we have f.c,(f*E) =
cn(E)"f. O

For a vector bundle L of rank ¢ over X or a vector bundle M of rank m
over Y, the homomorphisms

co(L)o - M (X, V)T = (X, V)T,
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cm(M) : A (X, Y)T — (X, Y)T

defined respectively by c,(L) @ a and [ e ¢,,, (M), are called the “Chern class
operators”.

Proposition 4.1. The Chern class operators of line bundles satisfy the fol-
lowing properties.

1.

(identity): If L and L' are line bundles over X and isomorphic and if
M and M’ are line bundles over Y and isomorphic, then

(L). ( ) '%i’T(X Y)+—>%i+1’T<X,Y)+,
oeci(M)=eci (M) : " (X,Y)" — (X, V)"

(commutativity): If L and L' are line bundles over X and if M and M’
are line bundles over'Y, then

ci(L)eci(L)e=ci(L')eci(L)e: 4% (X,Y)" = #">"(X, V)T,
oci(M)ecy (M) =eci(M)eci(M): #"(X,Y)" = .#4>"(X,Y)".

(compatibility with product) Let L be a line bundle over X and N be a
line bundle over Z. For a € 4" (X,Y)" and 3 € 7% (Y, Z)*F, then

ci(L)e (e )= (cl(L) oa) o3, (aef)eci(N)=ae (ﬁocl(N)>.

(compatibility with pushforward = “projection formula”) For a proper
morphism [ : X — X' and a line bundle L over X' and for a quasi-
smooth morphism g : Y — Y’ and a line bundle M over Y' we have
that for a € A" (X,Y)T

fi(ei(ffL)ea) =ci(L) o frar, (v @ ci(g*M)) vg = g @ c1(M).

(compatibility with pullback =“pullback formula”) For a quasi-smooth
morphism [ : X' — X and a line bundle L over X and for a proper
morphism g : Y' — Y and a line bundle M over Y we have that for
a€ HT(X,Y)T

frla(L)ea)=ci(f*L)e fra, (aeci(M))"g=a"geci(g"M).

(Pullback Property for Unit (abbr. PPU)) For a quasi-smooth mor-
phism f : X' — X and a line bundle L over X and for a proper
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morphism g : Y — Y and a line bundle M over Y we have that for
1x € //ZO’O(X7X)+ and 1y € ./%O’O(Y, Y)+

ca(f*L)e f'lix = ffix eci(L) € A™IHO(X! X)T,
Iy *geci(¢*M) =cy(M) o1y *g € (Y, Y)".

In particular
7. (Commutativity of the unit and Chern class) Let L be a line bundle over
X. Then we have

Cl(L) ® I]-X = IlX [} Cl(L).
Proof. Tt suffices to show (2), since (1), (3) and (7) are clear and (4), (5) and
(6) follow from the above Lemma 4.1 and the associativity of product e.

We just show the first one. Let s : X — L and s : X — L’ be the
zero sections. It follows from the fact that the derived fiber product V(s) x x
V(s') = V((s,s")) where (s,s") : X — L @ L’ is the zero section. Hence by
the definition of the product e we have

Ty (s

(L) e er(L) = [X &2 V(s) 9% X, 0] e [X <X vi(s) Y X, 0]

_ [X LV ((s,s")) V((S, S/)) WV ((s,s")) X, 0]
:CQ(L@L,) :CQ(L,@L) :Cl(L/).Cl(L). Ol
Here we recall the definition of a bi-variant theory [23], which is defined as

one similar to the definition of Fulton—-MacPherson’s bivariant theory. In this
sense, it could be called “a bi-variant theory of Fulton—-MacPherson-type”.

Definition 4.4 (Bi-variant theory). An association 4 assigning to a pair
(X,Y) a graded abelian group #*(X,Y) is called a bi-variant theory provided
that

(1) it is equipped with the following three operations

1. (Product) e:%(X,Y)x B (Y,Z) — B+ (X,Z)
2. (Pushforward)

(a) For a proper morphism f: X — X', f,: Z'(X,|Y) — Z(X")Y).
(b) For a smooth morphism g : Y — Y/,

w9 BUXY) = BAmI (X Y.

3. (Pullback)
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(a) For a smooth morphism f: X' — X
[ B(X,)Y) —» BN (X Y).

(b) For a proper morphism g : Y’ =Y, *g: Z(X,)Y) — Z(X,Y").

(2) the three operations satisfy the following nine properties as in Proposi-
tion 3.1:

(A1) Product is associative.

(A2) Pushforward is functorial. ((a), (b))

(A2)” Proper pushforward and smooth pushforward commute.
(As3) Pullback is functorial. ((a), (b))

(As)’ Proper pullback and smooth pullback commute.

(A12) Product and pushforward commute. ((a), (b))

(A13) Product and pullback commute. ((a), (b))

(Ag3) Pushforward and pullback commute. ((a), (b), (c), (d))
(Aj23) Projection formula. ((a), (b))

(3) % has units, i.e., there is an element 1y € %°(X, X) such that 1yea = «
for any element o € B(X,Y) and f e 1x = (3 for any element 5 € B(Y, X).

(4) A satisfies PPPU (as in Proposition 3.2).

(5) A is equipped with the Chern class operators satisfying the properties in
Proposition 4.1.

Corollary 4.1. .#**(X,Y)*" is a bi-variant theory (with respect the grad-
ing *, or ignoring the grading §.).

2. Grothendieck transformation and a bi-variant ideal

Definition 4.5. Let %, %’ be two bi-variant theories on a category ¥. A
Grothendieck transformation from % to %', v :  — %' is a collection of
homomorphisms Z(X,Y) — Z'(X,Y) for a pair (X,Y) in the category 7,
which preserves the above three basic operations and the Chern class operator:

L y(a uﬁ) v(a) ez (),

2. v(fea) = fuy(@) and y(a.g) = y(a) +g,
3. v(g*a) = g v( ) and y(a *f) =7(a)*f,
4. y(cri(L) ea) = ci(L) ez y(a) and y(a e c1(M)) = y(a) ez c1(M).
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Motivated by the definition of the bivariant ideal considered in [2] and
[6], in an analogous manner we can define a “bi-variant” ideal as follows: Let
A be a bi-variant theory. A bi-variant ideal . C % is defined to consist of
(graded) subgroups . (X,Y) C £(X,Y) for each pair (X,Y’) such that the
following hold: Let o € #(X,Y).

1. (pushforward)
(a) fia € Z(X')Y) for a proper morphism f: X — X'  ie.,
fo : L(X)Y) = I(XY),

(b) a.g € F(X,Y’) for a quasi-smooth morphism ¢g : Y — Y/, ie.,
g I (X)Y) = (XY,

2. (pullback)
(a) ffa € Z(X'Y) for a quasi-smooth morphism f : X' — X i.e,
XY = I(XLY),
(b) a*g € Z(X,Y’) for a proper morphism g : Y — Y’ ie.,
9. S(X)Y) = (XY,
3. (product)
(a) poeae #(X'Y) for any g € B(X', X), ie.,
o BX' X)L (X,)Y) = I(X"Y),
(b) aed e F(X,Y') for any 6 € B(Y,Y), i.e.,
o J( X)) AB(Y,Y)— (XY,
4. (Chern class operator)
(a) c1(L) e € #(X,Y) for any line bundle L over X, i.e.,
ci(L)e : I(X,Y) = Z(X,Y),
(b) aeci (M) e Z(X,Y) for any line bundle M over Y, i.e.,
eci(M): #/(X,)Y) = S(X,Y).
Remark 4.2. We note that in the case of “bi-variant” ideal of .Z*#(X,Y)™,
thanks to the formulas listed in Remark 3.3, the above (1) (pushforward) and
(2) (pullback) are special cases of (3) product, and it is also the case for (4)

(Chern class operator). Therefore, any “bi-variant ideal” of .Z*#(X,Y)* is
simply defined just as (3) (product). This simplicity will be used later.

It is easy to see the following:

Proposition 4.2.
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1. The (object-wise) kernel of a Grothendieck transformation v : B — %'
is a bi-variant ideal, i.e., the kernel v~1(X,Y) of the homomorphism
v BX,)Y) = B(X,Y) gives rise to a bi-variant ideal, denoted by
v~L, of the bi-variant theory 2.

2. Given a bi-variant ideal % C A, the following quotient B/.7 becomes
a bi-variant theory by setting

(#B]9)(X,)Y) =B(X,Y)/I(X,Y)

and by taking the bi-variant operations to be the ones induced by A.
Namely, they are defined as follows:

(a) (product): the product operation
o (B/I)XY)e (B]I)(Y,Z) = (#]5)(X,2)

is defined by [a] o [] := [ @ [3].
(b) (pushforward):
i. for a proper morphism f : X — X', the pushforward

fe: (B]I)XY) = (B]5)(X,Y)

is defined by fi]a] := [f.q].
it. for a quasi-smooth morphism g : Y — Y’ the pushforward

<9 (B]I)NXY) = (B]I)(X,Y)

is defined by [a].g = [ang].

(c) (pullback)
i. for a quasi-smooth morphism f: X' — X, the pullback

f*(B)I)XY) = (28] 5)(X,Y)

is defined by f*[a] := [f*a].
ii. for a proper morphism g:Y —Y’, the pull

"9 (B]I)XY) = (B]I)(X,Y)

is defined by [a]*g == [a*g].
(d) (Chern class operator)
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1. for any line bundle L over X the Chern class operator
ci(L)e: (2] I)X,Y) = (#]5)(X,Y)

is defined by c1(L) e [a] := [c1(L) @ a].
(To be more precise, c1(L)e should be written as [c1(L)]e.)
7. for any line bundle M over Y the Chern class operator

oci(M):(B/9)X,)Y)— (#/7)X,Y)

is defined by [a] @ c1 (M) := [cv e ¢ (M)].
(As above, eci(M) should be written as o[c1(M)].)

Remark 4.3. Proposition 4.2 (2) means, in other words, that the quotient
morphism

©: B B|I

is a Grothendieck transformation of bi-variant theories.
4.3. A bi-variant algebraic cobordism with bundles Q*#(X,Y)

First we recall the definition of the bivariant algebraic cobordism with vector
bundles Q*F(X ER Y') [6, Definition 5.7]. First we set

MT(X YV =Le#(X,Y)T

where L is the Lazard ring.

Definition 4.6 (The bivariant algebraic cobordism with vector bundles).

_mEx Ly
(RS)(X L v)

a4 (x L y):

where (RYS) (X ER Y) is the bivariant ideal generated by the bivariant subset
RIS (X EN Y'), which is defined as follows:

RY(X — pt Y =pt

0, Y # pt.
Here R (X — pt) is defined to be the kernel of the (surjective) morphism

MTUX = pt)T =L@~ 0(X — pt)" — d2.(X) = Q(X — pt).
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which is the L-linear map, induced from a group homomorphism .#Z~*°(X —
pt)t — dQ.(X) together with the ring homomorphism L — dQ.(pt) classi-
fying the formal group law for the first Chern class of the tensor product of
line bundles.

Here is an explicit description of the bivariant ideal (RYS)(X ERN Y) [6,
Proposition 5.12], which is a “vector bundle” version of [2, Lemma 3.8]:

Proposition 4.3. The bivariant ideal (R*S) satisfies that (R'S)(X ER Y)
consists of linear combinations of elements of the form

(4.2) hi([E] ®apeg*se )

where h: A” — X, g : B — pt,ag € M*O(A" — AT By € M*O(B' = Y)T
and s € R¥(A — pt) are as in the following diagram

A" A’ B’ Y
PRNE
A9

E a vector bundle on A” and h : A” — X is a proper morphism. Here note
that [E] = [A” =45 A", E] € M (A" 242 A7)+,

Remark 4.4. Here we emphasize that if we let E be the 0 bundle in (4.2)
or equivalently if we delete [E]e from (4.2), the above proposition is nothing
but [2, Lemma 3.8].

The linear extension of the “forgetting” homomorphism § : .#Z%"(X EN
Y)T — #""(X,Y)T by the Lazard ring IL shall be denoted by the same

symbol § : M (X ER V)t — M (X,Y)", which is L-linear.

In order to define a “correspondence” version (R*)(X,Y) of (R¥S)(X EN
Y'), one might be tempted to simply define it as the image of (R™5)(X ERN Y)
by & MiT(X Lyt o Mir(X,Y)*

5 (RS L))



A bi-variant algebraic cobordism via correspondences 995

which consists of linear combinations of the form § (h«([E] ® ag ® g*s e ())
by Proposition 4.3. It follows from Lemma 3.1 that we have

(43)  F(ha([E]eageg'se ) = h(F([E]) » §lao) o F(g"s) @ §(fh))-

Now we state our theorem:

Theorem 4.1. There exists a bi-variant ideal (R"S)(—,—) € M*H(—, —)*
which is itnvariant under the L-module structure such that the following hold:

L FURS)(X L Y)) c (R¥)(X,Y).
2. We set
MHHX, YT

CHXY) = s X )

Then the “forgetting” homomorphism § : M*#(X ER V)t — MHHX, YT
descends to

50X Ly) - avX,Y)

defined by F(|o]) := [ (a)], where on the left-hand side

[a] == a+ <RLS>(X =Y) and on the right-hand side [—] is
(8] := B+ (RYS)(X,Y), i.e., we have the following commutative dia-
gram:

M Loyt S pmet(x Y

(4.4) | &

OHX LY) — Q(X,Y)
K3

where both m’s are the quotient maps.
3. When'Y = pt is a point, we have the isomorphism:

T X = pt) S QX pt),

thus we have 5% (X, pt) = QH(X — pt) = Qs p(X) Zwop(X).

Proof. In order to see how to define a reasonable “correspondence” version
(RYS)(X,Y), we express the right hand side of (4.3) simply as follows:

e (S(E]) © (00) o §(g°s) © 5(50))
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= h.([E]) o F(ao) ¢ F(g"s) ¢ F(Bo)  (by Auz)
= (hS((E]) @ §(0))  §(g"s) # 5 (5o).

Here clearly we have

h3([E]) o §(ao) € MU(X, AV, F(g's) € MMH(A, BT,
(o) € M™(B,Y)*.

Instead of giving an explicit form for an “correspondence” version (R*)(X,Y")
just like (4.3), we define the following less explicit one: (R¥5)(X,Y") is defined
to be generated (as an abelian group) by elements of the form

(4.5) ap e F(g*s) e Gy,

where afy € M*H(X, ANt B € M*(B,Y)T, and g and s are as in (4.3).
Then clearly it follows from (4.3) that we do have

5 ((RLS>(X EN Y)) C (RESY(X,Y).

Furthermore it follows from (4.5) that the following product property holds:
for a € (RMS)(X,Y)

1. Bea c (R¥)(X'Y) for any B € M*¥ (X' X)*,

2. aed e (R¥)(X,Y') for any § € M*¥(Y,Y')*.
Therefore (R¥S)(—, —) is a bi-variant ideal in M*#(—, —)*. Moreover

(RYS)(X,Y) is automatically invariant under the L-module structure,

i.e., stable under the L-action coming from the ring homomorphism L —
MH(Z,Z)F 4 — @1y for Z = X,Y. Clearly we obtain the above com-

mutative diagram (4.4).
Next we observe that the “forgetting” homomorphism

T MHX = pt)T = M(X, pt)t

is an isomorphism because F([V LN X;E) = [X Ly pt; E] and the
inverse of §

1 MEEX )t = MPHX s )t
defined by 3~ 1([X &£V = pt; E]) := [V 2 X; E] is well-defined. As observed

above, we have

FURMNX — pt)) € (RM)(X, pt).
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Now we want to show the following reverse inclusion in the case of X — pt:
(4.6) FURY)(X — pt)) D (R¥)(X, pt).

First, we note that, as defined above, (R"¥S)(X,pt) is an abelian group gen-
erated by elements of the form

ag e §(g™s) e B

where afy € M*H(X, AN B € M*H(B,pt)*, and g and s are the same as
above. Then clearly we do have that 3) = F(fy) for some By € M*¥(B —
pt)™, which is the tautological inverse of 3y, as observed above. Since § is
L-linear, it is enough to assume that af = [X & A” oA ; E] (where p is
proper, s’ is quasi-smooth and F is a vector bundle over A”), which can be
expressed as

/

ah =X &£ A" 5 AR
=ple[[E] el
=pL e F([E]) e« F(0(5))

(by Lemma 3.1, where “smooth” is replaced by “quasi-smooth”)

= p(S([E])) # F(0(5))
= F(h[E]) e F(0(s")) (by Lemma 3.1 (2))
= F(h.[E]e0(s")) (by Lemma 3.1 (1))

Therefore we have

0 o Flg"s) » 0 = F(h.E] o 0(s)) o (g"s) o §(50)
(h*[E] 0el(s')eg'se ﬁ())
(ho([E] & 0(5") # 95 ® )
FURMHX — pt)),

m

which implies the above inclusion (4.6). Hence we have F((RYS)(X — pt)) =
(RUS)(X, pt). Therefore we see that the above isomorphism § : M*H(X —
pt)t — M*¥(X,pt)* implies the isomorphism

QX — pt) = QX pt).

O
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Problem 4.1. Would it be possible to give some conditions on f: X — Y,

f

X and Y so that we have an isomorphism Q (X = Y) =2 Q*H(X,Y)?

Remark 4.5. The “forgetting” homomorphism § : Q*#(X ERN Y) = Q94(X,Y)
satisfies the following;:

1.
2.
3.

4.

3 is commutative with the product e. N N

§ is commutative with the pushforward, i.e., §o fu = fx 0 §.

% is commutative the Chern class operators, which are special cases
of (1).

As to the pullback, we cannot expect that the following diagram is
commutative:

(4.7) ot (x L y)y 2o omtxt Ly
| |
QHX,Y) Q55X YY)

(g')*o(*g)

since the definitions of pullback are different. For the sake of simplicity,
we show it. Here we consider the following fiber square

vy

w| |»

X 2 x

al |7

Y —— Y
g

for the pullback g* : Q*#(X ER Y) — Q98X EN Y’).

(Fog ) [V X E) = 5(V' 5 X' (¢")E))
=X & v Sy (g7 ).
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— () (X LV IS v )T

_ [X/ h'og" V/ X v V/ f'oh’og” Y/; (jq\ﬁ)*(g//)*E])

Here we consider the following fiber square:

7
Vixy V-2 V'

é‘,’,l lg//

% — V.
g

Thus in general we have that § o g* # ((¢')* o (*¢)) o § in the above
diagram (4.7).

5. Generalizations

In this section we discuss briefly some possible generalized versions of Annala’s
bivariant derived algebraic cobordism and our bi-variant algebraic cobordism
treated in the previous section.

5.1. A “generalized” bivariant derived algebraic cobordism
Qg (X — Y) associated to a system & of subgroups s(A) of
M., (A)

For Annala’s bivariant derived algebraic cobordism

. . MH(X =Y)
'NX—=Y):= REX S V)
the bivariant ideal (R'S)(X — Y) of M*(X — Y)) is constructed by using the
kernels Kern, of the morphisms 14 : M*(A — pt) = M,(A) — dQ(A). The
kernel Ker 4 is a very special subgroup of M*(A — pt). So, instead of taking
this very special subgroup, we can consider an arbitrary subgroup, putting
aside the issue of what its geometric or algebraic or topological meaning is.
Namely, if we let & be a family or system of subgroups s(A) C M*(A — pt)
where A € Obj(€). Then the bivariant ideal (R®)(X — Y) associated to
the system & is defined to consist of linear combinations of elements of the
following form, as in [2, Lemma 3.8] (also see Proposition 4.3 and Remark 4.4),

(5.1) hi(cg® g*s e )
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where h: A” — X,g: B — pt,ag € M*(A”" — A")T, 5y € M*(B' — Y)*
and s € s(A) C M*(A — pt) are as in the following diagram

h X 4
@ on

A/I 0

| o b

A——=pt

h : A” — X is a proper morphism. Then a “generalized” bivariant derived
algebraic cobordism (X — Y') associated to a system & of subgroups s(A)
of M,(A) is defined to be the following quotient

M(X =Y)
5.2 Qs(X =Y) = .
If each M*(A — pt) contains the kernel Kerny, then we have the surjection
(X =Y) > Q5(X = Y). If each M*(A — pt) is contained in the kernel
Kerny, then we have the other-way surjection Qg(X —Y) —» Q*(X = Y).

5.2. A naive “algebraic cobordism” Qp,op-sm (X — Y') using
proper and smooth morphisms

Let us replace the class of quasi-smooth morphisms by the class of smooth
morphisms in Annala’s bivariant theory M*(X — Y') and denote the replaced
one by M;mp_sm(X — Y). Of course, if f : X — Y is not surjective, then
M op-sm (X — Y) = 0 the trivial group. Note that this kind of thing does
happen in bivariant theory as pointed out in [12, Remarks, p. 62]. Then we
have the following natural inclusion, since a smooth morphism is a quasi-
smooth morphism:

L M

prop-sm

(X =Y)> M(X—=Y)
Then the kernel of the following composite morphism

M*

prop-sm

(X — pt) = M*(X — pt) = M (X) = dUX)

is denoted by RLS (X — pt). Then, in the same way as the construction

prop-sm
of Annala’s bivariant derived algebraic cobordism Q*(X — Y'), we define
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Qr (X — Y) as follows: The bivariant ideal (RS X ERN Y) is

prop-sm prop-sm
defined to consist of linear combinations of elements of the above form (5.1)
where s € RLS (X — pt). Then we define

prop-sm
Moo (X —Y)

QO X = Y) = s .
prop—sm( - ) <’R’1%rsop—sm>(X - Y)

Here we emphasize that the category considered in this case is the classical

category, not the category of derived schemes. Hence the explicit description
(4.1) is not well-defined as an element €, .. (X My, x ) in the classical
category, thus the Chern class operator ci(L)e is not available® in this case.

Thus (X — Y) is a bivariant theory without the data of the Chern

‘prop-sm
class operator of line bundles. It is easy to see that there is an embedding

DR (X =Y)=>Q(X—=Y)

prop-sm
since we have ¢ (RS, . )(X = Y)) C (RES)(X - V).

Here we note that, as in the above section §5.1, we can consider the
following;:

Mo (X = Y)
. O X 5 Y) = Lo :
53 s (X V) i= BT

5.3. In the general case of con fined morphisms and specialized
morphisms or vert morphisms and horiz morphisms

Let conf and spe be the classes of confined morphisms and specialized mor-
phisms, respectively and also vert and horiz be the classes of vert morphisms
and horiz morphisms. Then, in the above (5.3) prop-sm can be replaced by
con f-spe and vert-horiz:

(54) zonf—spe,G (X — Y)7 ;k)ert—horiz,G (X — Y)

Note that in a general case when there is no notion of line bundles or vector
bundles available, we cannot consider the Chern class operators c¢1(L)e of line
bundles. Thus the above are bivariant theories without Chern class operators
c1(L)e. However, here we emphasize that in the category of derived schemes,
if we let confined and specialized morphisms or vert and horiz morphisms

8If we consider the universal oriented bivariant theory OMPIP(X — Y) [21],
then the Chern class operator ¢1(L)e is available.
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be proper morphisms and quasi-smooth morphisms, respectively, and let &
be the system consisting of the kernel Kerny of the morphism 74 : M*(A —
pt) — df2, (A) for A € %7 then onnf—spe,G (X - Y) = Qiert—horiz,@ (X - Y)
is nothing but Annala’s bivariant derived algebraic cobordism Q*(X — Y),

which is equipped with the Chern class operators ¢1(L)e of line bundles.
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