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Lecture 5

Algebraic Cobordism. Landweber-Novikov and Steenrod
operations. Symmetric operations.

Let k be a field of characteristic 0, and (Sm.Q. — P.)/k be the category
of smooth quasiprojective varieties over k.
The generalized oriented cohomology theory is a contravariant functor

(Sm.Q.— P.)/k A, {Z — graded rings }
X — A*(X)
(f: X =Y)= (f7: A(Y) — A(X))
together with the push-forward morphisms f, : A*(X) — A*~4(Y) for pro-
jective equidimensional maps f : X — Y of relative dimension d.
All these data should satisfy certain compatibility axioms.
Generalized oriented cohomology theory possesses Chern classes.
Chern classes
Let £/X be line bundle. Consider the zero section j : X < L. Then one
can assign to L its first Chern class ¢;(£) := j*j.(1%) € AY(X).

Now, if U is some vector bundle on X, by the projective bundle axiom of
the generalized oriented cohomology theory,

A (Px(UY)) = 7 i AN (X),

where p := ¢;(O(1)), and U" is the vector bundle dual to ¢. In particular,
there is the unique relation:

plm) _ L pdm@)=1 g pdim@)-2 (—1)dim(u))\dim(u),

for certain \; € AY(X). These coefficients are called the Chern classes of
the bundle U: ¢;(U) := X\; (we assume ¢y = A9 = 1). Denote as c,(U) the
total Chern class ) ;5o ci(U). These classes satisfy the Cartan formula: if
0 — U; — Uy — U — 0 is a short exact sequence, then

Co(U) - Co(Us) = co(Uz).

Cartan formula permits to define Chern classes on the formal differences
VY — U of vector bundles, that is, on K.
Examples (of theories):



1) CH" - the Chow groups.

2) KY[3,57'] - the algebraic K° (it is convenient to add the formal invert-
ible parameter (3 to it).

Among such theories there is the universal one 2* called Algebraic Cobor-
dism. This theory was constructed by M.Levine and F.Morel (further sim-
plified by M.Levine and R.Pandharipande).

2*(X) is additively generated by the classes [v : V' — X|, where V is
smooth and v is projective. One imposes certain relations:

1) Elementary cobordism relations

The classes [vg : Vo — X] and [v; : Vi — X] are elementary cobordant,
if there exists projective map w : W — X x P! from a smooth variety W,
which is transversal to X x {0} — X x P! and X x {1} — X x P! and
lex{O} = o, w’Xx{l} = V1.

We recall that the morphisms f, g from the Cartesian square

Bx,C - ¢

f’l lf

B — A
g

with A, B, C - smooth are called transversal, if the natural map of tangent
bundles (f)*Tp®(g')*Te — (fog')*T4 is surjective. Then B x 4C'is smooth,
and the sequence

0= Tpxso = ()T @ (¢)Te — (fog)Ta—0

is exact. The transversal cartesian squares behave especially well with respect
to the pull-back and push-forward morphisms, and they are used in the
definition of the generalized oriented cohomology theory.

In topology these would be all the relations, but in algebraic geometry
one has to impose more.

2) Double point relations (following M.Levine - R.Pandharipande) Let
[w: W — X x P! be such projective map that w is transversal to X x {0} —
X x P!, where w|xxgy = vo : Vo — X, and w™ (X x {1}) consists of
two smooth components V;, and V;; intersecting transversally on W at



U=VioNVip. Let N = Nycv,, be the normal bundle (it is easy to see that
then NUCVLI; = N1). Then we impose the relation:

[vg : Vo = X] = 1.0 : Vi — X] 4+ [1p: Vip — X] = [Pu(N & O) — X].

Notice, that this relation is symmetric with respect to a < b, since Py (N @O)
is isomorphic to Py (O & N 71).

One generates all the relations in 2* by applying the push-forward oper-
ation f, with respect to all proper morphisms f : X — Y to the two types
of relations above, where f.([v:V — X]) :=[fov:V — Y]. As was men-
tioned, the resulting theory Q* is universal oriented generalized cohomology
theory. The universality follows from the fact that oriented theories have
push-forwards: the canonical map

0 (X) — AY(X)
is given by A
[v:V — X] = (v4).(13) € A=tmV X (X,

Remark: It should be mentioned, that it is quite nontrivial to define the
pull-back operations f* on 2*. One can find details in the book of M.Levine
and F.Morel.

Properties of *

(1) Q*(Spec(k)) = MU?**(pt) = L, where MU is the C-oriented cobordism
in topology, and LL is the Lazard ring - the coefficient ring of the universal
formal group law. In particular, we see that the result does not depend on &
(it does not matter, if k is algebraically closed, or not).

formal group laws

(commutative, 1-dimensional) formal group law is given by the following
data: (R, F(z,y)), where R is a coefficient ring (associative, commutative,
unital), and F(z,y) € R[[x,y]] is a power series, satisfying:

(Z) (l’,O) =, F(Ouy) =Y

(17) F(z,y) = F(y,z) - commutativity;

o

(1ii) F(F(z,y),z2) = F(x, F(y,2)) - associativity.



From conditions (i) and (i7) it follows that F(z,y) =z +y+ 3, 5, ai;2'y,
with Qi 5 = Qj -
Examples:

1) Additive group law: F,(x,y) = x + y with R-any ring;

2) multiplicative group law: F,(xz,y) = x +y — (- zy, where § € R is
invertible.

Among the group laws there is the universal one (Ry, Fiy(x,y)) such that
there is 1 — 1 correspondence

{f.glaws (R, F(z,y))} < {ring homomorphisms Ry 5 R},
where F(z,y) = fr(Fy(z,y)). Clearly, it is sufficient to take
Ry :=Zla;;, 1,5 > 1]/(assoc., comm.)

with the Fy = z+y+ 37, 5, a; j2'y’. The coefficient ring Ry of the universal
formal group law is called the Lazard ring .. The following important result
is due to Lazard:

Theorem 0.1
L =Z[z,2,...], withdeg(z) =1, where deg(a;;) =i+ j — 1.

Projective bundle axiom implies that A*(P>) = A*[[t]], where A* :=
A*(Spec(k)), and t = ¢1(O(1)). Consider the Segre embedding

P x P 20 oo,
It induces the pull-back homomorphism
% Segre* 4
A¥([z,y]) == AT[[E))-

It is easy to check that the pair (A*, Fa(x,y)), where F4(z,y) := (Segre)*(t)
will be a formal group law. Thus to each generalized cohomology theory one
can assign the formal group law

AY(X) > (A", Falz,y)).

Examples:



1) CH® — (Z, Fo(z,y));

2) K°IB, 67— (Z[3, 87", Fn(z,y)).

Due to the result of M.Levine and F.Morel, the theories CH* and K°[3, 37!]
are the universal ones among the additive and multiplicative theories, respec-
tively.

It appears that the formal group law assigned to the Algebraic Cobor-
dism theory Q* will be the universal one. That is, Fo(z,y) = Fy(z,y), and
*(Spec(k)) = L. In particular, since Q2*(Spec(k)) is additively generated by
the classes of smooth projective varieties over k, the universal constants a; ;
can be interpreted as Z-linear combinations of such classes.

Examples:

1) a1 = —[P1];
2) ag1 = [P' x P — [P?].

In general, dim(a; ;) =i+ j — 1.

(2) We have canonical map of theories pr : Q* — CH* given by
[v:V — X] = v.(ly) € CHaimv)(X).
There is the following important result of M.Levine and F.Morel:

Theorem 0.2
CH*(X) = Q*(X) /LS - *(X).

Thus, CH* can be computed out of 2*.
Remark: The topological counterpart of this statement, as well as the
one with the motivic cohomology in place of the Chow groups are false.

Landweber-Novikov operations
Let R(o1,09,...) € L[oy,09,...] be some polynomial, where we assign
grading: deg(o;) = i. Then one can define Landweber-Novikov operation

SFy : () — Qi ()

by the rule: ST ([v: V — X]) := v.(R(cy,ca,...)), where ¢; = ¢;(N,) €
QHV), and N, := =Ty + v*Tx - the virtual normal bundle.
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There is another parametrization of Landweber-Novikov operations - the
one using partitions. Partition is the nonordered set of natural numbers
a = (ay,as,...,ay) with [a| = )" a;. To each partition @ one can assign the
minimal symmetric polynomial, containing the monomial b = [L, 0. This
polynomial can be expressed in terms of elementary symmetric polynomials
0i(b1,bs,...) on b’s. Let R*(01,0,,...) be the respective expression. Then
one defines S?_, : Q*(X) — (X)) as SE* .. Parametrized this way, the
Landweber-Novikov operations can be easily organized into the multiplicative
operation

SggtN = ZEE ST N V(X) = Q(X) @z Zby, by, . . ]

Multiplicativity property means that
Si2v (- y) = ST (2) - ST (y):

Specializing b; to some values in IL one gets the multiplicative operations
O (X) — Q*(X).

Each multiplicative operation G : A*(X) — B*(X) provides a homomor-
phism of formal group laws

6 (A" Fa(e,y)) — (B, Fp(z,y)),

that is, the ring homomorphism G : A* — B* together with the (change
of parameter) power series g (z) € B*[[z]] such that G(Fa)(va(x),v6(y)) =
ve(Fp(x,y)). For such operation to be stable (in certain sense) one needs
the first coefficient of 75 (z) to be 1 (yg(2) = 2z + b12% + bo2® +...). The to-
tal Landweber-Novikov operation ST is the universal multiplicative stable
operation - here the coefficients by, bs, . .. in the change of parameter are just
independent variables.

When R = o; (that is, @ = (1,1,...,1) - i-times), we will denote the
respective operations S7¢ , simply as St . One can organize S%_ into the
multiplicative operation S}_y = >, 51y : Q(X) — Q*(X). Clearly, this
is just the specialization of ST at by = 1;b; = 0,7 > 2.

Steenrod operations

Let pr: Q*(X) — CH"(X) be the projection. The following result is due
to P.Brosnan, M.Levine and A.Merkurjev:



Theorem 0.3 There exists (unique) operation S* : CH*(X)/2 — CH*"(X)/2
called Steenrod operation making commutative the following diagram:

i
0O* SL-n Q*+i

;ﬂ lw
CH* /2 —2 CH™ /2.

Both Steenrod and Landweber-Novikov operations commute with the
pull-back morphisms.
In a similar way one can construct reduced power operations

P': CH*(X)/l — CH*"(=D(X) /I

corresponding to other primes [. Here one should use S¢_, with
a=(—-1,1—1,...,1—1) - i-times. In the algebro-geometric context these
operations were originally constructed by V.Voevodsky in a more general
situation of motivic cohomology.

Remark: Note, that if you choose some arbitrary partition @ and ar-
bitrary number [, you, in general, will not be able to find any operation
CH* /I — CH*1® /I making the respective diagram commutative.

Symmetric operations

It follows from the explicite construction of Steenrod operations by P.Brosnan
that S%|cum /2 = 0, if ¢ > m, and S™|cpm 2 coinside with the operation square
O: CH™ /2 — CH*™ /2. Tt follows from the diagram above that

(proS; \)(Q™(X)) Cc2-CH™(X), fori>m, and
(pro (SP_y —D))(Q™(X)) C 2- CH™(X).

Thus, up to 2-torsion, we have well defined operations

N Prodin S O™(X) - CH™(X) /(2 — tors.), fori>m, and
¢ 5 ;

5o oSty =0)
' 2

In reality, this operations can be lifted to some well-defined operations

S Q™(X) — CH*(X)/(2 — tors.).

oY . — Q¥



To construct such operations consider the following objects. Let W —
X be some smooth morphism (roughly speaking, all the fibers are smooth
varieties) of smooth varieties. Denote as (IW/X) the relative square W' x x
W as O(W/X) the Blow-up variety Blaw)comwyx), and as C2(W/X) the
quotient variety of [ﬁ(W/X ) under the natural (interchanging of factors)
Z/2-action. Notice, that the locus of fixed points on O(W/X) under our
action will be the smooth (special) divisor of J(W/X) - the preimage of the
diagonal. Thus, C2(W/X) will be a smooth variety. These objects fit into
the diagram

Py (Tyw)x) —— O(W/X) —2— C*(W/X)

| I iﬁ

W — OW/X) —

Variety C2(W/X) has natural line bundle £ such that p*(£) = O(1) -
the canonical line bundle of the Blow-up variety. Denote p := ¢;(£L7!) €
QL(C2(W/X)). When X = Spec(k) we will omit X in the respective nota-
tions: O(W), C2(W). Notice, that C2(W) is nothing else but Hilby(W) - the
Hilbert scheme of the length 2 subschemes on W.

Let v : V — X be the projective morphism of smooth varieties. We can

decompose it in the form V Swlhx , where g is a reqular embedding, and
f is smooth projective morphism. Then we get the following natural diagram:

(V) S 2wy L erawyx) 2 x,
where all the maps are projective.
Symmetric operations will be parametrized by the power series ¢(t) €
L{[¢]):
P10 O*(X) — Q*(X).

¥ ([v: V — X]) 1= 7.0 0(a(p)) € X (X).

For given variety X we can extend symmetric operations by Q*(X)-linearity
on ¢(t), and assume that ¢(t) € Q*(X)[[t]].
Properties:



V(2 +y) = 21V (2) + 2V (y) + ¢(0)ay
In particular ®4® is linear if ¢(0) = 0.

(1) ®9®) commutes with the pull-back morphisms;

(2) If f: X < Y is a regular embedding with normal bundle Ny, and
q(t) € Q*(Y)[[t]]. Then

DU (f,(z)) = [,/ @O LN (1),

where c(V)(t) = [[.(\ —a t), where \; € Q! are roots of V, and —q is

(2

the subtraction in the sense of the universal formal group law.

(3) @90 is trivial on the classes of embeddings. Really, if v:V — X is an
embedding, we can take W = X, and then the variety C2(W/X) will
be empty. Thus, the symmetric operations provide the obstructions for
the cobordism class to be represented by the embedding.

(4) 2 (pro®)|gn = (=1)" - (pr o S;%). Thus, with the help of the
symmetric operations one can get cycles twice as small as with the help
of the Landweber-Novikov operations. This difference can be crusial
if one works with the varieties where the effect related to prime 2 are
important (like quadrics, for example).

Remark: Actually, the properties (0) — (3) determine the operations ®4(*)
uniquely up to renormalization ¢(t) — ¢q(t)-r(t), where r(¢) € L[[t]],7(0) = 1.

The most interesting symmetric operations are not expressible in terms
of Landweber-Novikov operations, and can not be organized into the multi-
plicative operation. Nevetheless, some of them are, and these operations are
related to the Steenrod operations in Cobordism theory.





