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Abstract

The goal of these notes is to study intersection theory of quasi-projective varieties over an
algebraically closed field of characteristic 0. After studying basic notions on cycles and its
functoriality, we study intersection product via Serre’s intersection product, as developed in
[Ser00]. Basic theorems of Chow ring are then developed, which aids computations for basic
smooth varieties. Existence of affine stratification for certain smooth varieties gives rise to
a generating set of its Chow ring. The example of Grassmannian is thus discussed and an
application of its Chow ring computation is presented. An appendix contains many auxilliary
results related to algebra and algebraic geometry which are used sometimes in the main text.
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1 Chow groups of a scheme

We fix once and for all an algebraically closed field k whose characteristic is 0. By a scheme we will
always mean a finite type separated scheme over k, so that a variety is an integral scheme for us.
A point will always mean a closed point. Some salient features of this hypothesis are as follows:

1.

All schemes are noetherian. As X — Spec (k) is a finite type map and Spec (k) is singleton, so
X is covered by finitely many affine opens, each of which is spectrum of a finite type k-algebra.

. Every variety has finite dimension. If X is a k-variety, then dim X = trdeg K (X)/k where

K (X) is the function field. Since K(X) = K(U) for some affine open U of X, thus K(X) is
isomorphic to fraction field of a finite type k-algebra, which always has a finite transcendence
basis.

. Fvery closed subscheme has finitely many irreducible components. This is because X is noethe-

rian. Consequently, every closed subscheme Y is union of finitely many of its subvarieties.
Codimension is well-behaved for varieties. If X is a variety and Y C X is a subvariety, then
codimY =dim X —dimY.

. All points are rational. If X is a scheme, then since k(p) for any (closed) point p € X is a

finite extension of k (Zariski lemma), therefore by algebraic closure of k we have k(p) = k.
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1.1 Algebraic cycles

We define algebraic cycles as higher codimension variants of divisors.

Definition 1.1.1 (Group of cycles). Let X be a scheme. The free abelian group generated by
the collection of all subvarieties of X is called the group of cycles of X, denoted Z(X). An element
of Z(X) is called a cycle. A cycle is effective if all its coefficients are positive. If X is of pure
dimension n, then an n — 1-cycle is also called a Weil divisor.

Remark 1.1.2 (Grading by dimension). The group of cycles Z(X) is graded by dimension of
subvarieties. Indeed, if Y < X is a closed subvariety, then by our finite type hypothesis, it has
finite dimension say k. Consequently, Y € Z;(X) where we denote Zx(X) to be the free abelian
group generated by all k-dimensional subvarieties of X. Hence we have the decomposition

Z(X) = P zr(X).

k>0

If X is pure of dimension n, then one also denotes Z,_1(X) by Div (X), the free abelian group
generated by codimension 1 subvarieties.

1.1.1 Effective cycle of a coherent module

Recall that any closed subscheme Y < X is the support of the O x-module Ox/J where J is the
ideal sheaf of Y. One may then wish to associate a cycle to Y. Indeed, one can do this and we do
this in the generality of a coherent O x-module.

Construction 1.1.3 (Effective cycle of a coherent Ox-module). Let X be a scheme and J be
a coherent Ox-module. Denote Y = Supp (F). This is a closed subset of X by Lemma A.2.1.
By giving Y the reduced induced structure, we obtain that ¥ — X is a closed subscheme. Our
hypotheses on schemes allows us to write

where W; are irreducible components of Y. In particular, W; are subvarieties of Y. Let n; € W; be
the generic point of W;. Consider the finitely generated Ox ,,-module F,,. As Ox,, is a noetherian
local ring, therefore F,, is a noetherian Oy ,,-module. By choosing an appropriate affine open
around 7;, we get that for a noetherian ring R and a finitely generated R-module M and a minimal
prime p € Supp (M), we have JF,, = M, a finitely generated Ry,-module. Thus JF,, is a finite length
Ox,p,-module by Proposition A.4.7. We may hence define the following algebraic cycle in Z(X)
corresponding to module F:

(F) = leng, (Fy)Wi.
=1

We will now construct an effective cycle of a closed subscheme. We will need the following
lemma to this end.
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Lemma 1.1.4. Let f: X — Y will be a closed immersion of topological spaces and F a sheaf over
X. Then, there is a natural isomorphism

(f<F) f(a) = T

Proof. From a straightforward unravelling of definitions of the two stalks, the result follows from
the observation that each open set U > x in X is in one-to-one correspondence with open set
fU)> f(x)in Y. O

Remark 1.1.5 (Effective cycle of a closed subscheme). Let j : Y < X to be a closed subscheme
with ideal sheaf J < Ox. Write

where Y; are irreducible components of Y with generic points 7; and let § = Ox/J. Note that
J«Oy = F. By Lemma 1.1.4, we have J,, = Oy, and hence we get an effective cycle by Construction
1.1.3 as in

(V)= leng,, (Oy,,)Yi.
=1

1.1.2 Map on cycles

Let f: X — Y be a map of schemes. Our goal is to define a group homomorphisms f, : Z(X) —
Z(Y) and f*: Z(Y) — Z(X). As these are free abelian groups, therefore we need only define f,
and f* on subvarieties of X.

Construction 1.1.6 (Pushforward map on cycles). Let f : X — Y be a map of schemes. Let
W — X be a k-dimensional subvariety. The scheme theoretic image f(W) C Y is a variety by
Lemma A.3.1. By Remark A.3.3, it follows that dim W > dim f(W). This gives a dominant
morphism of varieties

We may thus define a k-cycle on Y using Proposition A.3.2 as follows:

V) = {[K(W) LK(FW)) - FW) i dim W = dim f(W)
' 0 if dim W > dim f(W).

This defines a group homomorphism by linear extension between group of cycles
fe: Z(X) = Z(Y).
This defines a map on cycles.

We can also construct pullback of cycles.
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Construction 1.1.7 (Pullback map on cycles). Let f : X — Y be a map of schemes. For each
subvariety V C Y, we may define a cycle on X given by (f~!1(V)) where f~1(V) is the inverse
image scheme. Consequently, we get the following map on cycles by linearity:

2 2(Y) = Z(X).
This is the pullback on cycles.
Recall the notion of constant relative dimension in Definition A.7.3.

Remark 1.1.8 (Pullback of relative dimension n). Let f: X — Y be a map of relative dimension
n. Then the pullback map on Z;(X) becomes the mapping

I Ze(Y) — Zgyn(X).
When f is flat, then pullback is functorial as is visible from the following result.

Proposition 1.1.9. If f: X — Y is flat, then for any subscheme Z CY, we have

Proof. See Lemma 1.7.1 of [Ful84]. O

An obvious question is how are these maps related. In one simple case, they are related by the
following push-pull formula.

Proposition 1.1.10 (Push-pull formula). Let the following be a fiber product square

Vi —— Y
where [ is proper and g is flat. Then,
1. f" is proper and ¢’ is flat,
2. for any cycle o € Z(X), we have
gta =g fa.

Proof. Item 1 is immediate as proper and flat maps are stable under base change. For item 2, see
Proposition 1.7 of [Ful84]. O

1.2 Rational equivalence

We wish to now introduce an equivalence relation on each Zj(X), which will identify k-cycles which
can be transformed from one to the other via a suitably parameterized family of cycles. We take
our cue from the theory of linear equivalence of divisors.
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Remark 1.2.1 (Linear equivalence of divisors). Let X be a scheme regular in codimension 1 (for
example, a non-singular variety). Define the following effective divisor on X:

(fy= > w(f)Y

Y €PDiv(X)

where PDiv(X) is the set of prinicipal divisors of X, i.e. codimension 1 subvarieties. We call (f)
the principal divisor generated by f. This defines a group homomorphism

rl: K(X)* — Div (X)
fr—=Af)

Indeed, (fg) = (f) + (g) follows from definition of valuations. Any principal divisor is said to be
linearly equivalent to 0. One then defines the class group of X to be the cokernel of r! : K(X)* —
Div (X):

Cl(X) := Div (X)/Im (r').
We will generalize the map 7! to higher codimensions, so as to define higher codimension general-
ization of class groups, which are called Chow groups.

1.2.1 Order of rational functions

To generalize the linear equivalence, we first have to define orders for varieties which may not be
regular in codimension 1. To this end, we begin by the observation made in Lemma A.4.10 and
take it as a definition in the setting when we don’t have regular in codimension 1.

Definition 1.2.2 (Order function of a 1-dimensional local domain). Let K be a field and
R C K be a l-dimensional noetherian local domain with Q(R) = K. Then the order function on
K defined by R is the following map:

’UR:KX—>Z

f= % — vg(a) — vg(b)

where vgr(a) = lengp(R/aR). Note that R/aR is a finite length R-module by Theorem A.4.8 as
R/aR is dimension 0.

The following shows that vg is a group homomorphism.

Lemma 1.2.3. Let K be a field, R C K be a 1-dimensional noetherian local domain with Q(R) = K
and vg : K* — 7Z be the order function of R. If f,g € K*, then

vr(fg) = vr(f) +vr(9).

Proof. Write f = a/b and g = ¢/d for a,b,c,d € R. Then vr(fg) = vr(ac) — vr(bd). We may
thus assume that f,g € R. As vg(fg) =leng R/fgR =lengr R/fR + leng R/gR (Lemma A.4.11),
therefore we have vr(fg) = vr(f) + vr(g), as required. O
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Remark 1.2.4. If § = ‘l’;—,' for a,b,a’,b’ € R, then since R is a domain, we have ab’ = a’b. It follows
that vg(a) — vg(b) = vg(a’) — vr(d'). This shows that the order function is well-defined.

We may then globalize above to generalize the discrete valuation associated to each prime divisor
of a variety regular in codimension 1.

Definition 1.2.5 (Order function of a prime divisor). Let X be a variety and Z — X be a
subvariety of codimension 1, that is, Z € PDiv(X) is a prime divisor of X. Consider f € K(X)* a
non-zero rational function on X. Then, define vz to be the order function of Ox z C K(X). That
s,

vy K(X) — Z

SN <‘1> I Oxz _) Ox.2
- v — ] = l1en — — len .
b Oxz \3 9%z 40x 2 X2 40 4

1.2.2 Chow groups

Definition 1.2.6 (Rational equivalence & Chow groups). Let X be a scheme. Denote Sub;(X)
to be the collection of all I-dimensional subvarieties of X. Let W € Subgy1(X) and f € K(W)*.
We then define a k-cycle on X by

(W)= > o)V,

Y €PDiv(W)

where vy = vy, is the order function on K(W)* for the one-dimensional local domain Ow,y C
K(W)* (see Definitions 1.2.2 and 1.2.5). This is well-defined for exactly the same reason why
principal divisors are well-defined.

Note that PDiv(W) = Subg(W). For each k > 0, define the following group homomorphism

e P KW — Zu(X)
WESub]H_l(X)

(fw)w — > (fw; W),
w

We define Raty(X) := Im (ry) C Zx(X) to be the group of cycles rationally equivalent to 0. Denote
Rat(X) = @, Ratg(X). One then defines the cokernel of ry:

Ak<X) = Zk(X)/ Ratk(X).
Finally, the Chow group of X is defined to be all of these groups:

AX) =P Ar(X).

k>0
We will also write A%(X) = A,,_q(X) for 0 < d < dim X.

Our first result shows that rational equivalence generalizes linear equivalence.
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Lemma 1.2.7. Let X be a variety of dimension n. Then,
Ap—1(X) = Cl(X).

Proof. We need only show that the map rj, actually reduces to 7! as in Remark 1.2.1 when k = n—1.
Indeed, observe that Sub,(X) = {X} as X is integral. Thus, r,—; is the map

Tn—1 K(X)X — anl(X)
fr—=AfX)

where (f; X) = ZYGPDN(X) vy (f) - Y, but this is just the principal divisor (f). Hence 7,1 = 71,

as required. O
Corollary 1.2.8 (Chow group of curves). If X is a curve, then
AX)=Cl(X)o Z

Proof. By Lemma 1.2.7, we need only show that Ay(X) = Z as Ai(X) for k > 2is 0 since Z(X) = 0.
For k =1, we have

e @ KW = Zi(X)
WeSubs (X)

and since Subg(X) = (), hence ry is the O-map. As Z1(X) = Z, generated by X, consequently,
A1(X) = Z, as required. O

As every closed subscheme Y of X defines the cycle (Y) € Z(X), we thus get a class of each
subscheme in the Chow group.

Definition 1.2.9 (Fundamental class of a subscheme). Let X be a scheme and Y C X be a
closed subscheme. The fundamental class of Y refers to the cycle class in A(X) corresponding to
(Y) € Z(X), i.e., the image of (Y) under the quotient map

Z(X) - A(X).

We denote the cycle class of Y by [Y] € A(X).



2 Intersection product

We wish to now give a product structure on A(X) = @, Ax(X) which will encode the intersection
of subvarieties and will moreover induce a commutative ring structure on A(X). In particular, we
want a product structure on A(X) such that for two subvarieties A, B C X, the product of cycle
classes [4], [B] € A(X) must be such that

[A]-[B] = [AN B]. (2)

Unfortunately, in order to have such a multiplication, we need to restrict the class of subschemes
for which the above identity must hold.

Remark 2.0.1. We cannot expect Eqn (2) to hold for any subvarieties A, B C X as for well-
definedness, we need to show that the rational equivalence class of the intersection, [A N B], only
depends on the rational equivalence classes of A and B.

We construct a product on A(X) in two steps, we first give a product structure on certain type
of cycles. Then by the famous moving lemma, we establish the invariance of the above defined
product on cycle classes.

2.1 Proper intersection

The class of subvarieties on which we will define the product will be based on the following. This
is where we shall critically use the assumption that k is algebraically closed as over such fields,
regularity and smoothness of a variety are equivalent.

Definition 2.1.1 (Transverse intersection). Let X be a variety and A, B C X be two subvari-
eties. We say that A and B intersect transversally at p € AN B if X, A and B are smooth at p'
and TpA and T,B spans T,X? (see Remark A.6.2).

Remark 2.1.2. We may express that T,A and T}, B spans T, X by saying that
codim T,ANT,B = codim T, A + codim T, B.

But since p is a regular point, we have dim X = dimOx, = dim7,X. Consequently, we may
further express this as

dimT,ANT,B = dim A + dim B — dim X.

Example 2.1.3. An example of a transverse intersection is given by A = V(y — 2?) and B = V (z)
in X = A? at the point p = (0,0), as shown below. As the map on local rings for A and B are
respectively (let m = (z,y), the origin)

k[z, ylm — k(2] ()

K[z, ylm = K[y](y).

Yie. Ox,p, 04, and Op,p are regular local rings.
20ur tangent spaces are over the base field k.
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Figure 1: A transverse intersection.

therefore the map on cotangent spaces are

where the codomains are clearly 1-dimensional k-vector spaces. One sees easily that

m _ _

@:{aa@—kbgﬂa,bék}.
The first map maps § — 0 and the second onto Z — 0. Thus, T,A,T,B — T, X are 1-dimensional
subspaces which spans the whole of T,,X, as required.

Definition 2.1.4 (Proper/dimensionally transverse intersection). Let A, B C X be subva-
rieties of a regular scheme X. Then A and B are said to intersection properly or dimensionally
transverse if for each irreducible component C' C AN B, we have

codim C' = codim A + codim B.
Another way to say this is that
dimC =dim A + dim B — dim X.

Note we only require regularity of X. But of-course, our assumption that k is algebraically
closed forces X to be smooth as soon as X is integral. We extend the above definition to cycles.

Definition 2.1.5 (Properly intersecting cycles). Let X be a regular scheme and oo = ). n; 4;
and =5 ;m;Bj be two cycles in Z (X). We say that a and 3 intersect properly/have dimension-
ally transverse intersection, if each A; and B; intersect properly.

2.2 Product of proper cycles

We give the axioms that we require from a product operation on proper cycles which reflects the
intersection. We will then give a candidate via Serre’s Tor formula which will follow these axioms.
Indeed, this is the only product structure on A(X) if X is smooth quasi-projective.

Definition 2.2.1 (Intersection product of proper cycles). Let X be a variety. A pairing of
two proper cycles («, 8) — a - ( is called the intersection product of proper cycles if it satisfies the
following axioms:
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1. (Commutativity) The product - must be commutative.

2. (Associativity) The product - must be associative.

3. (Product formula) Let X,Y be two smooth varieties and «, 8 € Z(X) and o/, 8’ € Z(Y) be
properly intersecting cycles. Then we have cycles o x o/ and 8 x 8 in Z(X X Y'). Then, we
must have

(@xa)-(Bxp)=(a-B)x(df).

4. (Reduction to the diagonal) Let «, 5 € Z(X) be two properly intersection cycles and let
A: X — X x X be the diagonal map. Then, we must have following in Z(X):

a-B=Aax ).

5. (Local intersection multiplicities) Let A, B C X be subvarieties which intersect properly. Then
there must exist non-negative integers nc > 0 for each irreducible component C' C AN B such
that

A-B= Z no - C.

CCANB irr. comp.

Moreover, the integer n¢o only depends on any affine open U C X containing the generic point

of C.

Serre gave the following candidate of intersection of proper cycles, which we shall use in this
text.

Definition 2.2.2 (Intersection multiplicities and cycle). Let X be a regular scheme and
A, B C X be subvarieties which intersect properly in X. Let C be an irreducible component of
AN B. We define intersection multiplicity of A and B along C' by

i(A,B; C) = Z(—l)i lenox,c (TOI“?X’C(OX70/]JA, OX@/]JB)) ,

>0

where p4 and pp are primes of O x ¢ corresponding to A and B, respectively®. Note that Ox,c/pa =
Oa,cand Ox c/pp = Op,c. Consequently, we define the intersection cycle of A and B, A-B € Z(X),
as

A.-B = ZCQAQB irr. comp.i(A’B;C) -C ifANB #0
0 if ANB=0.

Finally, for two properly intersecting cycles @ = >, n;A; and =) j m;Bj, we define their product
as

- ﬁ = Z’I’leJAZ . Bj.

0]

3To see this, go to an open local affine patch.
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Remark 2.2.3. We first need to see why each intersection multiplicity i(A, B; C) is a non-negative
quantity. To this end, we first see that the length

leny, . (Ox,c/pa®ox o Oxc/pp) =leng, . (Ox.c/pa+PpB)

is finite since Ox ¢/pa +pp is a 0-dimensional ring as C' corresponds to a minimal prime of p4 +pp
in an open affine. Thus, by Theorem A.4.8 yields that leng, .(Ox c/pa + pp) < oo. Hence, by
Serre’s Theorem A.8.1, i(A, B;C) > 0.

Serre’s definition is indeed a product of proper cycles.

Theorem 2.2.4 (Serre). Let X be a variety. The product pairing defined in Definition 2.2.2 is
indeed an intersection product of proper cycles.

Our next goal is to carry over this product onto the Chow groups.

2.3 The Chow ring

Having defined product on cycles which intersect properly, we now wish to define a product on
A(X) using it:

Ap(X) x Ag(X) — Aprg—n(X)

where X is n-dimensional. But since we only have product for properly intersecting cycles, therefore
we must answer the following two questions:
Q1. Does every pair of cycles o, 8 € Z(X) admits a equivalence to a pair o/, 8’ such that they
intersect properly?
Q2. If answer to Q1 is affirmative, then does the cycle class of o/ - 3’ depend on the choice of o’
and 3’7
If the answer to Q1 is yes and Q2 is no, then we can safely define the intersection product as

- Ap(X) X Ag(X) — Apig-n(X)
([e], [8]) F— [ - 8],

which would be well-defined.
The answer to Q1 is indeed affirmative, as is provided by Chow’s moving lemma.

Theorem 2.3.1 (Moving lemma). Let X be a smooth quasi-projective variety and o, 5 € Z(X) be
two arbitrary cycles on X.
1. There exists a cycle 8’ € Z(X) rationally equivalent to B such that o and ' intersect properly.
2. If 8" € Z(X) is any other cycle such that « and B" intersect properly, then o - ' and a - 5"
are rationally equivalent.

Using moving lemma, we may now show that the pairing is indeed independent of representative
taken.

Corollary 2.3.2. Let X be a smooth quasi-projective variety. Then the pairing

1 Ap(X) X Ag(X) — Apig-n(X)
([e], [8]) /— [ - 8],
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where [o] = [/], [B] = [B'] and o, " intersect properly, is well-defined. This is moreover a com-
mutative associative and graded ring structure on A(X). We call this the intersection product on
A(X).

Proof. Let [a] =[] = ["] and [B] = [#'] = [8"] where o/ - B and " - 3" are defined. By moving
lemma (Theorem 2.3.1), let 8 be equivalent to 5" such that o/ - § and o” - § are defined. Then
another application of moving lemma yields

[O/',B/] — [O/'B] — [O//' _] — [O//' /l]7

as required. The associativity, commutativity follows from Theorem 2.2.4, that is, - is a product of
proper intersections. O

Hence, we have the Chow ring of a quasi-projective smooth variety.

Definition 2.3.3 (Chow ring). Let X be a smooth quasi-projective variety. Then the commutative
associative graded ring (A(X),-) of cycles modulo rational equivalence is called the Chow ring of
X.

Our next goal is to show the uniqueness of intersection product.

Theorem 2.3.4. Let X be a smooth quasi-projective variety. Then there exists a unique com-
mutative associative graded product on A(X) with respect to the property that for each properly
intersecting subvarieties A, B C X, we have

[A]-[B] = > i(A,B; C) - [C].

CCANB irr. comp.

Proof. Let x be another product satisfying this. Take any two cycles «, 8 € Z(X). Observe
that [o] - [8] is determined by moving lemma (Theorem 2.3.1) by multiplication only on properly
intersecting subvarieties A, B. We then conclude the proof as [A] x [B] = [4] - [B]. O

2.4 Generic transversality

In this section, we isolate a situation which we will encounter frequently in our work. This is
also useful for product calculations as under this condition, product of cycle classes will indeed
correspond to the class of the intersection subscheme.

Definition 2.4.1 (Generically transverse intersection). Let X be a variety and A, B C X
be two subvarieties. We say that A and B intersect generically transversely if for each irreducible
component C' C AN B we have that A and B meet transversely at any general point of C.

Our goal is to show that generically transverse intersection is a proper intersection, albeit with
some special properties concerning the multiplicities.

Proposition 2.4.2. Let X be a variety and A, B C X be two subvarieties. Then the following are
equivalent:
1. A and B are generically transverse.
2. A and B intersect properly and for each irreducible component C C AN B, there exists a
smooth point of X in C and AN B is reduced at that point.
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Proof. (1. = 2.) Fix C C AN B to be an irreducible component of AN B. We first wish to show
that codim C = codim A+ codim B. Indeed, for a general smooth point p € C' over which we trans-
verse intersection, we deduce from Remark 2.1.2 and Lemma A.6.5 that codim C' = codim T,,C =
codim T,ANT,B = codim T,A + codim T),B = codim A + codim B, as required. By definition of
generic transversality, we have that C' contains a smooth point and moreover, A N B is reduced at
that point since it is smooth, and regular local rings are reduced.

(2. = 1.) Fix an irreducible component C' of AN B. The collection of smooth points of X is
open and dense. As C' contains a smooth point of X, therefore C' contains an open dense set of
smooth points of X. As points where A N B is reduced is also open and dense, thus the collection
of points of C' which are smooth in X and reduced for A, B and C' is open and dense. Pick any
such point p € C'. We wish to show that A and B meet transversely at p. To this end, we first have
to show that A and B are smooth at p. As we already have dim7,A > dim A, we will show that
dim7T,A < dim A and similarly for B.

Observe that by smoothness of p at C' and X, Lemma A.6.4 and proper intersection, we may
write

dimC =dimA +dimB — dim X
=dim7,C = dimT,A 4 dim7T,B — dim 7, X
=dim7,C = dim7T,A 4 dim 7T, B — dim X.

Since dim7,Adim A and dim7,B > dim B, therefore from above we get dim7,4 = dim A and
same for B. This also shows that A and B meet transversely at p, as required. O

Generically transverse intersections have multiplicity same as length.

Proposition 2.4.3. Let X be a smooth variety and A, B C X be two subvarieties. If they intersect
generically transversely, then

lenoX’C(OAmBC) = Z(A,B, C)

Above result now tells us a condition when intersection product indeed corresponds to the class
of intersection.

Corollary 2.4.4. Let X be a smooth variety and A, B C X be two subvarieties. If they intersect
generically transversely, then their intersection product in A(X) satisfies

[A]-[B] = [AN B].

Proof. Note that [AN B] = > ccanplenoy o (Oanp,c) - [C] where the sum runs over irreducible
components of AN B. The proof is now immediate from Proposition 2.4.3. O

Remark 2.4.5. Consider the hypotheses of Proposition 2.4.3. We have

. i V)
Z(A, B; C) = Z(—l) lenox,c (TOI‘Z- X’C(OA,C, 0370)).
>0
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We first have that

Ox,c
pa+pB

As Ox c¢/pa + pp is isomorphic to O anp,c, therefore we need only show that

TOYgX’C(OX,C/PA, Ox,c/pB) =

Z(—l)i lenox,c TOI"?X’C(OA,C, 0370) =0.

i>1
Indeed, the proof of the theorem proceeds by showing that all higher (¢ > 1) Tor groups vanish.
An important result about generic transversality is that such intersections have multiplicity one.

Theorem 2.4.6 (Multiplicity one). Let X be a smooth variety and A, B C X be two subvarieties
i X. Then the following are equivalent:
1. For all components C C AN B, we have

i(A,B;C) = 1.
2. A and B intersect generically transversely.

We give some computations of intersection multiplicities of properly intersecting subvarieties.

Example 2.4.7. Consider A = V(y —2?) and B = V (y) in the affine plane A%2. Then C = AN B is
the scheme Spec (k[z,y]/(y — 2, y)) = Spec (k[z]/(z?)). This is a proper intersection as codim C' =
2 = codim A+ codim B = 1+ 1. Consequently, the product of the classes [A], [B] € A'(A?) is given
by

[A] - [B] = i(A, B; C) - [C].

We need only calculate i(A, B; C'). Indeed, we claim that that all higher (¢ > 1) Tors vanish in the

0]
expression of multiplicity. To see this, first compute Tor, a2.c (Op2.c/pa, Op2 /pp), which is simply
paANPpp/pa-pp. This computation yields 0 module, thus Tor; = 0, hence all higher Tors are 0.
Consequently, we get

; 9]
i(A, B;C) = Z(—l)zlenoAQ’c (Tori (a0, OB,C))
>0
= len@AQ’C (OAQC/]JA + pB)

oo (Goat),

kz]
= lenoAgyc (m2><

= 2.

= leno
z,y)

z,y)

Hence,
[A]-[B] = 2-[C].

In particular, we have [A] - [B] = [AN BJ in this instance.
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There are two separate notions of multiplicity; multiplicity of intersection of two subvarieties at
a component and multiplicity of a subscheme at a point. These two are closely related, but distinct
notions.

For a k vector space V', we denote by Sym(V*) the symmetric algebra on the dual vector space
V*. Recall that Sym(V*) =T(V*)/I where T(V*) = k@V* & (V*@V*)&... is the tensor algebra
and [ is the ideal generated by x ® y — y ® x. This is the polynomial algebra generated on the basis
of V*, as can be seen easily by the universal property of Sym(V™*).

Definition 2.4.8 (Multiplicity at a point). Let X be a scheme and p € X be a point. The
multiplicity of X at p is given by the degree of the projectivized tangent cone (see §A.6.2) as a
subscheme of P(7),X):

mp(X) := deg PT'Cp(X)

where PTC,X C P(T,X).

3 Properties of Chow ring

Having established the ring structure on A(X) for quasi-projective varieties, we now aim to develop
results which will allow us to compute them. We begin with some computations which are already
relatively straightforward. From now on, we will also occasionally follow the cohomological notation;

AYX) = A,_g(X) for n = dim X.

3.1 Functoriality
3.1.1 Proper pushforward

Our goal in this section is to show that the Chow groups construction is covariantly functorial with
respect to proper maps of schemes. Here’s the theorem.

Theorem 3.1.1. Let ¢ : X — Y be a proper map of schemes. Then for all k > 0, the map on
cycles

Px  Zp(X) — Zi(Y)
maps Raty(X) into Raty,(Y)*.

The main strategy of the proof is to first reduce to the case of a surjective proper morphism and
then check case by case on difference of dimensions of X and Y. The most important case is that
when dim X = dim Y. The relevant result here is as follows.

Proposition 3.1.2. Let ¢ : X — Y be a proper surjective map of varieties. If dim X = dimY,
then for all f € K(X)*, we have

os ((f5 X)) = (Nexy g ) (f);Y)

where Nig(x)/k(v)(f) € K(Y) is the norm of element of f € K(X)*.
4This holds even if chark > 0.
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Proof. Firstly, the extension K(X)/K(Y) is a finite extension by Proposition A.3.2, so that norm
of an element of this extension is well-defined. We first pass to the normalizations of the varieties
X and Y. By universal property of normalization, we get the following commutative diagram:

X Py
px 2%
X — Y

Observe that K(X) = K(X) as fraction field of integral closure is same as that of original domain.
Similarly, K(Y) = K(Y). This also shows that dim X = dim X and dimY = dimY . Finally, by
valuative criterion, it follows that ¢ is also proper. Consequently, it suffices to show the result for
the induced map ¢ and for the normalization map py as then we can write

0 ((£1 X)) = 0 (px+ ((f: X)) = pyu(@:((f; X)) = oy« (N (x) ) (F): V)
= (Ngx)/k)(f);Y).

We first show that the normalization map py : ¥ — Y also satisfies the said equality. As the
normalization map of varieites is finite, therefore it is enough to show that if ¢ : X — Y is a finite
map, then it satisfies the said equality. Let A = Oy,z. We claim that there exists a finite A-algebra
B such that for each subvariety V; of X mapping onto Z corresponds to a maximal ideal m; of B
such that By, = Ox ;. Having proved this, by Lemma A.4.16 we would get that LHS of Eq. (1) is
lens(B/fB) (assuming f € B by linearity of order functions and norm) and Theorem A.4.17 would
yield the RHS to be equal to len(B/fB) as well. This would hence complete the proof.

Indeed, if Spec (I') is an open affine containing the generic point of Z in Y, say p, then by
finiteness there is an open affine Spec (A) of X such that A is a finite I-algebra and we may set
B =A®rT'y = A®r A. We claim that this B satisfies the condition. Clearly, B is a finite A-
algebra. Moreover, the maximal ideals of B correspond to those primes of A whose inverse image
under ¢ : I' = A is exactly p, i.e. the local rings Ox y;, as needed.

To complete the proof, we cover the other case. Assume that X and Y are normal and p: X — Y
is a proper surjective map. One can then conclude just as above using Stein factorization (Theorem

A.3.5) of . O
We may now prove the main theorem.

Proof of Theorem 3.1.1. Let o € Raty,(X) be given by a = >, (fw; W). It suffices to show that
e« ((fw; W) € Rat(Y). As (fw; W) = scppiviw) vz(fw)Z, therefore we get

e(fs W) = > vzlfw)es(2).

ZePDiv(W)

It is then sufficient to show that p.(Z) € Rat(Y) for each Z € PDiv(X). Note that as ¢ is proper,
therefore ¢ is closed. It follows that ¢(Z) = ¢(Z). Consequently, by replacing X by W and Y by
©(W), we may assume that ¢ : X — Y is a proper surjective map where X is a variety. Hence by

Lemma A.3.1 and Remark A.3.3, Y is a variety and dim Y < dim X. We thus need to show that for
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any f € K(X)*, the map ¢, : Z(X) — Z(Y) takes the divisor (f; X) of X to a cycle in Rat(Y").
We have

(X)) = > vzlf) eu(2)

ZePDiv(X)

where

() = {[K(Z) L K(@(2)]-9(2)  if dimZ = dimp(2)

0 if dimZ > dim¢(Z2).
Note that dim Z = dim X — 1. Now if dimY < dim X — 1, then dim¢(Z) < dimY < dim X — 1,
therefore p.(Z) = 0. We thus have two cases that either dimY = dim X or dimY = dim X — 1. If

we have that dimY = dim X, then by Proposition 3.1.2 we can dispense this case off.
Finally, suppose that dimY = dim X — 1. Observe that

(X)) = D ow(f) e (W)
W ePDiv(X)
and
[K(W): K(e(W))]- W) if dimW = dim (W)

(W) = o :
0 if dimW > dim p(W).

As a consequence of dimY = dim X — 1, we have

e ((f; X)) = > o (f) - [K(W) : K(Y)]-Y.

WePDiv(X) s.t. (W)=Y

We claim that 3y cppiy(x) st. pw)=y tw (f) - [K(W) : K(Y)] = 0. This follows from the argument
in pp 13 of [Ful84]. O

Definition 3.1.3 (Degree map). Let f : X — k be a complete scheme and suppose k is not
necessarily algebraically closed. The degree map on the group of 0-cycle classes Ag(X) is defined as

deg: Ag(X) — Z
[p] — [r(p) : K],

that is, it is the proper pushforward of f at Ay as fi([p]) = [k(p) : k(f(p))] - f(p). Hence it is a
well-defined homomorphism.

Remark 3.1.4. If k is algebraically closed, then the degree map is simply given as follows: on a
class of a point [p] € Ag(X), it maps [p] to 1.
3.1.2 Rational equivalence as parametrized family

We wish to give an alternate definition of rational equivalence which is more geometric in nature.
We begin with the following observation.
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Lemma 3.1.5. Let V be a k + 1-dimensional variety and 7 : V. — P! be a dominant morphism.
Denote V(0) = 7=1(0) and V(o) = 77 1(cc). Then the following are true.

1. Both V(0) and V(oc0) are pure k-dimensional subschemes.

2. 7 determines a rational function m € K(V') which satisfies the following equality of cycles:

(V(0)) = (V(o0)) = (m; V).

Proof. Note that m : V. — P! is flat by Theorem A.7.5, . By Theorem A.7.4, the fibers are
moreover of pure dimension k. This proves item 1. Next, we show that the map = : V — P!
determines a unique element of K(V). Indeed, on Uy = Spec ([T} 9]) of P! and an open affine
U = Spec (A) C n 1 (Up), we get a map k[T 0] = A. As K(V) = Q(A), so the image of T o in A
determines an element of K (V') induced by 7, which we denote by m as well.

Consider the cycle (m; V) = ZWEPDiV(V) vw (m) - W. Denote m = f/g for regular functions f,g
on V. By comparison of dimensions, it is clear that if for any W € PDiv(V) we have 0 € n(W),
then W is an irreducible component of V(0) = #~1(0). Similarly for co. Thus, if W € PDiv(V)
is such that 0,00 ¢ w(W), then f € Oy and g € Oy are units. It then follows by definition
of multiplicities vy () that vw (f) = 0 = vw(g). Hence, (m;V) = 3 v (o) irr. comp. VW (T) -
W+ 3 wev(oo) inr. comp. W (m) - W. If W is an irreducible component of V'(0), then vy (g) = 0
as g € Oyw is invertible. Similarly, if W is an irreducible component of V' (oc0), then vy (f) = 0
as f € Oyw is invertible. Consequently, we may reduce to showing that vy (f) = len Oy for
W C V(0) an irreducible component. This is equivalent to showing that the regular function f is 0
on W, which is evident as 7(W) = 0. O

Theorem 3.1.6. Let X be a scheme and a € Zy,(X) be a k-cycle. Then, the following are equivalent:
1. a € Zk(X) is rationally equivalent to 0, i.e. a € Raty(X).
2. There exists k + 1-dimensional subvarieties Vi,...,V, of X x P! such that the projections
7 2 Vi = P are dominant and
,

a =Y (Vi(0)) — (Vi(c0)).

i=1
where V;(0) = V; N (X x 0) = 7; 1(0) and V;(c0) = V; N (X x 00) = 7m; *(00).

Example 3.1.7. Using this more geometric version of rational equivalence, we can construct ex-
plicitly examples of cycles which are rationally equivalent. Consider X = A2, Y the hyperbola
2?2 —y?> — 1 and Z the subscheme 22 — y? which is the union of two lines. Observe that as Y is
irreducible, therefore the cycle generated by [Y] is just 1-[2? —y? — 1]. Moreover, one can calculate
that the cycle generated by 32 —22 is 1-[y—x]+1-[y+z]. We thus wish to find a rational equivalence
between these two cycles. Consider V to be the subvariety of A? x P! obtained by vanishing of
2?2 —y? —tin A% where [t : 1 —t] € P! for all t € k. We get a surjective projection 7 : V — P!,
whose fibers at [1: 0] is 22 —y? — 1 and at [0 : 1] is 22 — y?, as required.

One can define V C A? x P! more formally as follows. First note that A% x P! is the relative
projective space ]P’}v given by the fiber square

Py = A% x P! —— P!
" |-

AZ — Kk
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Consequently, IP’}V = Proj(Als, t]) where A = k[z,y]. We then define V' as the subvariety of P}v
given by the homogeneous prime ideal (sx? — sy? —t) < A[s,t]. This defines a homogeneous prime
ideal in A[s,t], hence a subvariety of A2 x P!. The projection 7 restricts to the closed subvariety
V of Py, to give a map m : V — P! such that the fiber at [a : b] is the subvariety of V given by
{(az? — ay® — b) in V. So the fiber at [1 : 0] is 2% — y? and the fiber at [1 : 1] is 22 — y? — 1, as
required.

3.1.3 Pullback & flat pullback

We next show the contravariance of X — A(X). We omit the proof of the case of interest to us but
we provide a proof for flat pullback.

Definition 3.1.8 (Generic transversality to a map). Let f : X — Y be a map of smooth
varieties and A C Y. Then A is said to be generically transverse to f if the scheme theoretic inverse
f71(A) is generically reduced and codim x f~'(A) = codim y A, where the equality means that
f71(A) is pure and every irreducible component C of f~!(A) has codim yC = codim y A.

Lemma 3.1.9. For two smooth subvarieties A,B C X of a smooth variety X, the following are
equivalent:

1. A and B intersect generically transversely.

2. A is generically transverse to i : B — X.

Proof. Suppose A and B are generically transverse. Note that i~'(A4) = ANB. From Lemma A.6.3,
AN B is generically reduced. As codim g(AN B) = dim B — dim C for any irreducible component
C C AN B, it suffices to show that this is equal to codim A. By Proposition 2.4.2, this is immediate.
For converse, we show the statement 2 of Proposition 2.4.2. Indeed, we have A and B intersect
properly and every irreducible component C C AN B is generically reduced by assumption. We
need only show that there exists a point of C' which is smooth in X, but X is already smooth, so
we are done. O

Theorem 3.1.10 (Pullback). Let f: X — Y be a map of smooth quasi-projective varieties. Then
for each k > 0, there exists a map of groups f* : A¥(Y) — AF(X) unique w.r.t. the property that
for any subvariety A CY which is generically transverse to f, we have

While the above required smooth quasi-projective hypotheses, the following only requires the
map to be flat and has a more simpler proof.

Theorem 3.1.11 (Flat pullback). Let f: X — Y be a flat map of schemes of relative dimension
n. Then the pullback of cycles map f* : Zp(Y) — Zpin(X) maps Raty(Y) into Ratgin,(X).
Consequently, we get a group homomorphism

Proof. Pick a cycle a € Z(X) which is rationally equivalent to 0. As f* is linear on cycles,
therefore by Theorem 3.1.6, we may assume that a = (V' (0)) — (V(c0)) for some k + 1-dimensional
subvariety V' C X x P! where the projection map 7 : V' — P! is dominant. We now show that
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F*((V(0)) — (V(o0))) is rationally equivalent to 0.
Consider the following diagram

We—-s XxXxP' 24 x

y lfoid lfxid lf
1 - V <

P Yx]P’lT>Y

where p and ¢ are projection (hence proper maps) and W = (f x id)~1(V) is a closed subscheme of
X x P'. Also note that ¢ is dominant. By Theorem A.7.5, 7 is a flat map and by Theorem A.7.4,
V(0) and V(c0) are pure of dimension k. Observe that V(0) x 0 C Y x P! is a closed subscheme
with ¢.(V(0) x 0) = V(0) (Construction 1.1.6). Same remark holds for V(co). Consequently, we
get from the above diagram that

(V(0)) = (V(00)) = g« ({~(0)) = (77" (0))) -

We thus obtain that

F(V(0)) = (V(20))) = fra ({7 1(0)) — (' (00))) -

By Proposition 1.1.10, we have f*q. = p.(f x id)*. We thus get that

Frac ((n71(0)) — (m'(00))) =

where the last three equalities follows from definition of pullback map on cycles (Construction 1.1.7),
which is functorial by Proposition 1.1.9. By proper pushforward (Theorem 3.1.1), it is sufficient to
show that (W (0)) — (W(o0)) is a cycle on X rationally equivalent to 0.

Denote W1,..., W, be the irreducible components of W and let (W) = Y7, m; - W; where
m; = len Oy w,. We claim that

(W(0)) = (W(oe)) =D m; ((Wi(0)) — (Wi(o0))) - (3)
i=1

To this end, we first show that each & : W; — P! is dominant. Indeed, we will show that the image
£(W;) contains an open subset of PL. To this end, consider the open subset W2 = W — Ujz Wi
This is an open subset of W inside W. Since flat maps are open by Proposition A.7.7, it follows
that (W) is an open subset of P!, hence dense, as required.

By Lemma 3.1.5, it follows that (W;(0)) — (W;(o0)) = (§; W;). Consequently, if Eqn (3) holds,
then we will have

(W(0)) = (W()) = Zmz (& W),
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that is a cycle rationally equivalent to zero. To show Eqn (3), it is sufficient to show the equality
T
(W(0)) = Zmi<Wi(0)>'
i=1

To this end, observe that the closed subscheme W (0) of W is such that it is locally vanishing of one
non-zero divisor and W is pure. The claim then follows from Lemma 1.7.2 of [Ful84]. O

Remark 3.1.12. If f : X — Y is a flat map of smooth quasi-projective varieties, then the flat
pullback agrees with the unique map given by Theorem 3.1.10 as it satisfies the uniqueness condition
by Proposition 1.1.10.

3.2 Excision & Mayer-Vietoris

We next derive two important calculational tools for computing Chow rings. We begin by observing
the data provided by a closed subscheme of a scheme.

Remark 3.2.1. Let i : Z < X be a closed subscheme. Recall that 7 is a proper map as it is a
closed immersion. For U = X — Z, consider the inclusion j : U — X. Recall that j is a flat map
(Lemma A.7.8). Consequently, we have proper pushforward for i and flat pullback for j of cycle
classes.

Theorem 3.2.2 (Excision). Let X be a scheme and Z C X be a closed subscheme. Denote U =
X — Z to be an open subscheme. Then for all k > 0, the following is an exact sequence where maps
are induced by the inclusionsi: Z — X and j : U — X

Ap(Z) — Ap(X) 2 AL U) —— 0.

Proof. By Remark 3.2.1, the above maps are well-defined. We first show the exactness of the above
at the cycle level; the following is exact:

0 —— Zp(Z2) —2 Zp(X) —L Z,(U) —— 0 .

By extension theorem of varieties (Lemma A.2.3), j* above is surjective. The map i, is injective
by definition. We next show that j* o4, = 0. Indeed, pick a cycle a € Zp(Z). By linearity of i,
and j*, we may assume o« = W a k-dimensional subvariety of Z. As i,(Z) = Z as a subvariety of
X contained in Z, therefore j*(i+(Z2)) = j*(Z) = (7 4(Z)) = 0 as j~1(Z) = (. Finally, consider
acycle a = > .n; - Vi € Zg(X) such that j* (o) = >, n; - (7 (Vi)) = 0. As j71(V;) =U NV, is
an open subscheme of V;, therefore U N'V; is a subvariety of U, so that (j71(V;)) = V,NU as a
cycle. Now, if V; NU = V; N U as varieties in U, then V; = V; by taking closures. It follows that
>;ni-ViNnU = 0 and hence either n; =0 or V; N U = (). In the latter case V; C Z. Consequently,
a =) ,n; Vjis acycle of X where each non-zero term is a k-dimensional subvariety of Z, that is,
a € Zy(Z), as required.

Next, we show that the above exact sequence descends to cycle class level. Surjectivity of j*
is clear. It is also clear that j* o4, = 0 as it is so on the cycle level. We need only show that
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Ker (%) 2 Im(ix). To this end, we first show that j* induces a surjective map at the level of
rational equivalence; the following is surjective:

J* : Ratg(X) — Ratg (U).

Indeed, as Rat(U) is generated by prinicipal divisors of the form (f; W) where W C U is a k + 1-
dimensional subvariety of U and f € K(W)*, therefore it suffices to show that (f; W) can be
extended to Raty(X). To this end, first extend W to a k + 1-dimensional subvariety W of X and
f € K(W) (Lemma A.2.3). We thus have j*({f,W)) = (f; W), which shows the surjectivity.

We now complete the proof. Consider the following diagram where the top row is exact and all
verticals are exact:

. -

Z) — Zip(X) —L— Z,(U
(X)

(U) —— 0

Ap(Z) 7 Ap(X I
| | |
0 0 0

Pick an element [o] € Ay (X) such that j*([a]) = 0 for some o € Zg (X). Consequently o/ := j*(a) €
Zi(U) is rationally equivalent to 0, thus o € Raty(U). By surjectivity of j* : Ratx(X) — Ratg(U),
there exists 5 € Raty(X) such that j*(5) = /. Consider a—f € Z(X). We have that j*(a—3) =0
in Z;(U) and thus by exactness lies in the image of i., say i.(y) = a — § for v € Zp(Z). As
i«([7]) = [a— B] = [a] = [B] = [ in Ar(X), as required. O

Corollary 3.2.3. If X is a smooth quasi-projective variety and j : U — X is an open subscheme,
then the map

j i AX) — A(D)
s a surjective ring homomorphism.

Proof. Surjectivity is clear from Theorem 3.2.2. For ring homomorphism, we must show that j*([A]-
[B]) = j*([A]) - 7*([B]) for A, B C X two generically transverse subvarieties. As [A] - [B] = [AN B]
(Corollary 2.4.4), hence we have j*([A] - [B]) = [i~1(A N B)] (Proposition 1.1.9). On the other
hand, we also have j*([A]) - 7*([B]) = [i~1(A)] - [{~*(B)]. We first claim that j71(4), j71(B) are
generically transverse. Supposing that it is true, we will get [j71(4)] - [i~*(B)] = [j71(A N B)],
which will complete the proof.

To this end, we have j~!(A) = ANU and j~!(B) = BNU. We have that A, B are transverse in an
open dense set of each component C' C ANB. It is an easy exercise to see that irreducible components
of ANBNU are CNU, where C varies over irreducible components of AN B. Consequently, ANU
and B N U are transverse in any general point of C N U, as required. 0

We next quickly cover the Mayer-Vietoris sequence, before moving on to calculations.
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Theorem 3.2.4 (Mayer-Vietoris). Let X be a scheme and X1, X C X be two closed subschemes.
Consider the following fiber square

X1 N Xy —>j2 Xo

jll ’ liz

X1 ‘T> X1 U Xy

Then we have the following exact sequence for each k > 0:

il*
[jl*—jQ*] 12%

Ak(Xl ﬂXQ) — Ak(Xl) @Ak(Xg) —_— Ak(Xl UXQ) — 0.

Proof. We may replace X by X1 U X3 so to assume that X; U Xy = X. We first show the exactness
at the cycle level; we claim that the following is exact:

74'1*
{jl*—jQ*} 12x

For surjectivity on the right, we need only observe that any k-dimensional subvariety of X is by
irreducibility either in X7 or Xs. For injectivity on the left, if Y C Z;(X; N X3) is a subvariety
such that (j1+(Y), —72.(Y)) = (Y, =Y) =0, then Y = 0. It is also immediate to see that the the
composite of both maps is 0. Finally, if (V1,V2) € Zi(X1) ® Zi(X2) where V; are k-dimensional
subvarieties such that V3 + V5 = 0, then Vo = —V; and hence V3 C X7 N Xs. Consequently,
(J1+(V1), =j2:(V1)) = (V1, V), as required.

We next show that the above exact sequence descends to cycle classes. Consider the following
diagram where we claim that the bottom row is exact:

’L'l*
[jl*_jQ*] i2*

0 —— Zk(Xl ﬂXQ) — Zk<X1) @Zk(Xg) E— Zk(X) — 0

| |

Ak(Xl ﬂXQ) — Ak<X1) @Ak(Xg) —_ Ak(X) — 0
0

| |

0 0

By exactness of the top row, we are reduced to only showing that Ker (a) C Im (b). To this end,
by following the same idea as proof of excision, one reduces to showing that the following map is
surjective:

il*
7:2*
Raty(X1) @ Ratg(X2) — Ratg(X) .
Indeed, pick any W C X a k + 1-dimensional subvariety of X and f € K (W) a non-zero rational
function. Then, we wish to find a preimage of the element (f; W) € Raty(X). As W is irreducible

in X = X7 U Xy, therefore W lies in either X7 or Xo scheme theoretically as if a prime contains
INJ, then it contains either I or J. The surjectivity now is clear. O
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3.3 Affine bundles & A"

For affine bundles, we see that the map on Chow groups is surjective. This allows us to calculate
Chow group of affine spaces, which will be building block for projective spaces and Grassmannians.
We first need a result surrounding points of X x Al of codimension 1.

Lemma 3.3.1. Let X be a variety and denote p : X x A' — X to be the projection map. Then any
codimension 1 subvariety V of X x A with generic point 1 is of one of the following two types:

1. V =p Yp(n)) where p(n) is a codimension 1 subvariety of X,

2. p(n) is the generic point of X.

Proof. Pick a codimension 1 subvariety V of X x Al with generic point € X x A'. Consider a
finite type integral open affine U = Spec (A) of X so that U x Al = Spec (A[t]) is an open affine
containing 7. Hence, 7 corresponds to a prime p in A[t] of height 1. There are two cases:

1. pNA#0,

2.pNA=0
Note that in case 1, p N A is a prime ideal of A of height atmost 1 as any prime q < A gives a
distinct prime qA[t] of A. As A is a domain, therefore height of p N A is exactly 1. Consequently,
p N A gives a codimension 1 subvariety of X. Moreover, note that p(n) = p N A. Let W = p(n) be
the codimension 1 subvariety of X. We claim that p~*(W) = V. Indeed, p~*(W) = W x Al which
is a codimension 1 subvariety of X x A! which contains V, so V.= W x A!, as required.

On the other hand, we have pN A = 0 in case 2. As p(n) = pN A = 0, therefore p maps 7 to the
generic point of X, as required. O

Theorem 3.3.2. Let p: E — B be an affine bundle of rank n over B. Then the flat pullback map
p* Ap(B) — Agyn(E)
is surjective for all k > 0.

Proof. We first show the claim for the trivial rank n-affine bundle over B. Indeed, let F = B x A™
and p : E — B be projection onto first coordinate. Note that p factors as B x A™ - B x A" BN B,
hence we get the following triangle

Ak+n B X An

T \

(B) — Apin_1(B x AM1)

Consequently, it is sufficient to show that for p : B x A! — B, the induced map
p*: Ap(B) — App1 (B x A

is surjective. To this end, pick any k + 1-dimensional subvariety V of B x A!. We wish to find
k-dimensional subvarieties W; of B such that
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It is sufficient to find W; in the scheme theoretic image p(V'), so we may replace B by p(V') so that
we may now assume that B is a variety and p : V — B is dominant (Lemma A.3.1). By Remark
A33, k+1=dmV > dimB. If dimB < k, then Ax(B) = 0 = Ap,1(B x A!) and there is
nothing to prove. If dim B = k, then B x A! is a k + 1-dimensional variety and hence V = B x Al
Thus, we may take W; = B so that [V]| = p*([B]). Hence we may assume that dim B = k£ + 1. So
dim B x A' = k +2 and V is a codimension 1 subvariety of B x Al. Let n be the generic point of
V.

By Lemma 3.3.1, either p(n) is a codimension 1 subvariety of B (say, type 1) or V' dominates B
(say, type 2). If of type 1, then V = p~}(W) for W € Zy(B) and hence [V] = p*[W]in Ay, 1(BxAb).
So it is sufficient to show that if V is of type 2, then it is rationally equivalent to sum of type 1
subvarieties. To this end, fix a finite type integral open affine U = Spec (A) of variety B. Then
consider the following fiber squares (o denotes the generic point of B in U):

Spec (K[t)/pK[t]) ———— p~'(0) = Spec (K[t]) — o = Spec (K)

V N (U x A') = Spec (A[t]/p) —— Ux A' = Spec (A[t)) —— U = Spec (4)

where K = Q(A) is the function field of B. The affine Spec (K[t]/pK[t]) is the fiber of V N (U x A1)
at the generic point o of B. This fiber is non-empty as V dominates B. Consequently pK|[t] is
a prime ideal of K[t] and hence is a principal ideal generated by f(t) € K[t]. We may assume
f(t) € p < A[t] is a regular function on U x Al by clearing the denominators.

We claim that the principal divisor of f over B x A! contains only one codimension 1 subvariety
of type 2 which is V itself. Indeed, if p’ is a height 1 prime of A[t] of type 2 such that f € p/,
then as f € p'K|[t] therefore pK[t] C p’K[t]. By maximality of pK|[t], we deduce pK[t] = p'K]t].
Intersecting with A[t], we get p = p’, as required. This shows that

(fiBx A =vy(f)-V+> ni- Vi

where Vj are type 1 subvarieties of B x A'. To complete the proof, it is sufficient to show that

vy (f) = 1, that is, len f%EE‘; = 1. As Ogy = Alt]p, therefore it is sufficient to show that fA[t],

is the unit ideal. Recall that p is a type 2 codimension 1 point of A[t], hence p N A = 0. Thus,
A[t]p = K[t]pK[t]y that is,

pK[t]

mmwyﬂm<Km>
K[t

ov(f) = len fK ok

as fK[t] is the maximal ideal pK[t] of K[t| and hence the quotient is a field. This completes the
proof when FE is the trivial affine bundle.

Now consider p : E — B to be a rank n-affine bundle over B. Let U C B be any open affine
which is a local trivialization of the bundle p. Then by excision (Theorem 3.2.2), we have the
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following commutative diagram

/| /| b

Ak—i—n(p_l(z)) B Ak—l—n(E) — Ak+n(U X An) — 0

whose commutativity follows from the fiber square of U — B «+ E. By four lemma, it suffices to
show that p : U x A" — U and p : p~*(Z) — Z induces a surjective map on Chow groups. By
noetherian induction on Z, we may assume Z = (). So we may replace B by U and thus assume
that F is trivial, as required. O

Corollary 3.3.3 (Chow ring of A"). For any n € N, we have A¥(A™) =0 for all 1 < k < n and
A%(A™) =2 Z generated by class [A™]. That is we have a ring isomorphism

A(A™) = Z.

Proof. First observe that Ag(A™) = 0 for any n > 1 as for any two points p,q € A™, we have the
subvariety defined by the homogeneous prime ideal

I=(te;—spi—(t—9)g |1 <i<mn)

in A[s,t] where A = k[z1, ..., x,] which then gives the subvariety W = Proj(A[s, t|/I) < Proj(A[s,t]) =
P}, = A" x P1. Thus it is a subvariety of A? x P1. Note that 7 : W — P! is dominant and the
fiber W([1:1]) =p and W([0: 1]) = gq. Hence by Theorem 3.1.6, p — g € Rato(A™), as required.

Fix n € N. Observe that p: A" — A" ! is an affine bundle of rank 1. By Proposition 3.3.2, we
have

p* i AR(A") — Apia (A

is surjective for all k > 0. For k = 0, by previous we’ll have Ag(A" 1) = 0, and thus A;(A") = 0.
For k =1, we get A2(A™) = 0 and so on. By induction, we get Ax(A") =0forall0 <k <n-—1
and A, (A"™) = Z generated by A". O

Example 3.3.4. Let U C A™ be an open subscheme. Then, Ax(U) = 0 for all 0 < k < n. This
follows immediately from excision (Theorem 3.2.2). On the other hand, as U is irreducible, therefore
we have A, (U) = Z generated by class of U.

3.4 Stratified schemes & P"

Chow rings become helpful for enumerative problems after their calculation in some known param-
eter spaces, like Grassmannians. This calculation is usually done by finding a generating set of the
Chow ring and then showing that these generators are torsion free. The main result that helps in
this calculation is what we cover in this section. We then show its use by calculating the Chow ring
of the prototypical parameter space, P".
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Definition 3.4.1 (Stratified schemes). A scheme X is said to be stratified if there exists finitely
many disjoint irreducible locally closed subschemes U; of X of dimension n; such that X =[], U;
and U; —U; C U ; Ui, for some Ui, of dimension lower than n;. The subsets U; are called open strata

of X and Y; = U; are called closed strata where we fix a scheme structure on each Y;. Note that

vi=Y- |J v
Y;CY;

Note that U; may not be actually open. The dimension of X is defined to be max; n;. We moreover
say that the stratification {U;} is an affine stratification if each open stratum U; is isomorphic to
A™ for some n. We say it is a quasi-affine stratification if each U; is isomorphic to an open subset
of A",

Lemma 3.4.2. Let X be a scheme. The following are equivalent:
1. X has a quasi-affine stratification.
2. There exists a filtration of X by closed subschemes

X=X,20X,.1D2---D2X1D0XyDX_1=0

such that each complement X; — X;_1 1s disjoint union of finitely many schemes U;; which are
isomorphic to open subsets of A® of dimension i.

Proof. (1. = 2.) Consider X; = Uj U; where Uj is of dimension < i. Then, clearly X; — X;_; is a
disjoint union of U; whose dimension is 7. As each Uj; is isomorphic to an open subset in A", hence
we are done.

(2. = 1.) Consider the collection {U;} of quasi-affine opens of X formed from each difference
X; — X;—1. We claim that this forms a quasi-affine stratification of X. Indeed, each U; is disjoint
and covers X by induction. Moreovoer, if U; C X; — X;_1 and if the closure Y; = 7] intersects
Xi_1, then Y} intersects Uy where U, C X; for | <7 — 1. The union over all such Uy covers 7] O

An important example of this is the projective n-space.
Proposition 3.4.3. For each n > 1, the projective n-space P has an affine stratification.

Proof. Consider any complete flag of linear subspaces in P" given by 0=L° c L' ¢ ... Cc L™ =P
where L! = V(zq,...,2n_;_1). Note that each L* = P* (Lemma A.2.4), obtained by identifying L*

by Proj(k[z,—k,...,2n]). We claim that these form the closed strata of an affine stratification on
P". Indeed, let U; = L* — Li~1. Observe that U; = D, (7,_;) = A’ and these form a disjoint open
cover of P" together with U; = P! = L, as required. O

A simple but useful result to keep in mind is the fact that any two k-dimensional linear sub-
space of P™ are rationally equivalent to each other. The main result here is that for a quasi-affine
stratification of a scheme X, the class of closed strata forms a generating set of A(X).

Proposition 3.4.4. Let X be a scheme with a quasi-affine stratification with closed strata {Y;}.
Then A(X) is generated as an abelian group by the classes of closed strata {[Y;]}.
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Proof. We proceed by induction on the number of strata U; of X. If X has only one strata, then
X = U is an open subset of A", whose Chow ring is Z as shown in Example 3.3.4. This dispenses
the base case. Consider now the inductive case where we assume that X =[]}, U; and for any
union of less than n — 1 open strata satisfies the claim. Consider U; to be the minimal dimension
open strata of X. Then by definition U; = U; as there is no lower dimensional lower strata. Hence,
Uy C X is closed. Observe that X — U7 is is union of n — 1 open strata and thus satisfies the claim.
By excision (Theorem 3.2.2), we get the following exact sequence induced by inclusions:

Z=AU) — AX) — AX-U;) — 0 .

Thus we have that A(X — Uy) is isomorphic to quotient of A(X) with the image of Z. The image
of Z is generated by the class of U; and the quotient is generated by the classes of closed strata of
X — Uy, thus, A(X) has a generating set given by all closed strata of X, as required. O

We now wish to calculate the Chow ring of P™ using the above result. To this end, we first
calculate each Ai(P™) as a group.

Lemma 3.4.5. For anyn > 1, the group Ay (P") is generated by the class [L¥] of the k-dimensional
linear subspace of P". In particular

n
AP =P 4P =Z-[L" - B Z- L7,
k=0
Proof. Fix the affine stratification of P" = Proj(k[zo,...,z,]) given in Proposition 3.4.3; we have
0=Lc...c L"=Pm"
LF =V(xg,...,2n_p_1) = Proj(k[xp—f, ..., xn]) = P*.

The closed strata of this affine stratification is L* itself as L*¥ — L*~1 = A*. Consequently, the cycle
classes of L* generates A(P") (Proposition 3.4.4). As each L* is a k-dimensional subvariety of P,
therefore [L¥] € A (P"). Hence, Ag(P") is generated by [L*], as required. O

Our next aim is to show that Z - [L¥] = Z, i.e. each [L¥] is a torsion free element in A (P™).
Lemma 3.4.6. For anyn > 1 and 0 < k < n, we have Ax(P") = Z - [LF] = Z.

Proof. Tt suffices to show that [L*] € A(P") is a torsion free element. We first show that Aq(P") = Z.
Indeed, observe that as P" is a complete variety over k, therefore the degree map (Definition 3.1.3)

deg : Ag(P") — Z
maps [L°] + 1. Thus, [L°] € A¢(P") has no torsion, showing that Ag(P") = Z - [L°] = Z.
Consider the intersection product on A(P™), which in particular gives the following bilinear map

for each k > 0:

A (P") x A (P") — Ap(P").
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Fixing a general n — k linear subspace [M] € A,,_;(P") which intersects L* in precisely one point
transversely, we get the following linear map (Corollary 2.4.4)

Ap(P") — Ap(P")
(L] — [M 0 L¥] = [p].
Composing by the isomorphism deg : Ay(P") — Z, we get the following map:
0:A(P") — Z
[LF] — 1

If [L*] has torsion, that is, d[L¥] = 0 in Ag(P"), then 0 = O(d[L¥]) = dO([L*]) = d. Hence,
Ap(P?) = Z - [LF¥]. O

We finally compute the intersection product on A(P™).

Theorem 3.4.7. For anyn > 1, the Chow ring of P" is given by

A= 25

where [€] € AL(P™) is the class of a hyperplane.

Proof. By Lemma refl-3.4.6, we have A" %(P") = A,(P") = Z - [L*] = Z. To compute the
product, we need only calculate the product for linear subspaces of P". First observe that any two
k-dimensional linear subspace of P" are rationally equivalent. As [L¥] = [L"~1]*, therefore, we have
A"F(P") = Z - [L"*. The result now follows. O

Recall we computed that the group A(X) = CI(X) @ Z for a curve X (Corollary 1.2.8). We now
compute the ring structure on A(X).

Example 3.4.8 (Chow ring of curves). For X a smooth quasi-projective curve we have A'(X) =
Cl(X) and A°(X) = Z. We claim that the map

CL(X) x Z — CL(X)

is given by [a] - n[X] — n[a]. Indeed, we need only show that for a prime divisor ¥ C X, we
have [Y] - [X] = [Y]. To this end, we first see that Y and X intersect generically transversely as Y
represents a point in X so YN X =Y and since Ty X +TyY =Ty X, so Y and X indeed intersect
transversely at point Y. It follows by Corollary 2.4.4 that [Y]- [X] = [Y N X] = [Y], as required.

4 Grassmannians

In order to use intersection theory to solve a given enumerative problem, we will have to construct
a parameter space in which the enumerative problem gives cycles. Then we study the geometry of
these cycles in this parameter space. Usually this will require an understanding of the geometry of
this parameter space, and that usually means understanding its tangent bundle. The simplest of
such parameter spaces is the Grassmannian, which parameterizes linear subspaces of a vector space
of a fixed dimension. In this section we study the basic geometry of Grassmannians.
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Definition 4.0.1 (Grassmannian as a set). Let V be a vector space of dimension n over k and
let £ > 0. Then, Gr(k, V) is the set of all k-dimensional linear subspaces of V. As k-dimensional
linear subspaces of V' are same as k — l-dimensional linear subspaces of PV = Proj(Sym(V*)),
the projectivization of V', which is isomorphic to Pﬁ_l, thus there is a natural bijection between
Gr(k—1,PV), the set of all k—1-dimensional linear subspaces of PV, and Gr(k, V') and we henceforth
identify them as same sets. We will also write Gr(k — 1,PV) as Gr(k — 1,n — 1).

We wish to give a variety structure on Gr(k, V). We do this by giving an inclusion in a projective
space, showing it is a closed irreducible subspace of it by showing it is vanishing of some polynomials
and then show that these give a reduced structure on Gr(k, V'), thus showing that Gr(k,V) is a
projective variety.

Before moving, we will have to cover an important technical point. In our approach to enumer-
ative problems, we will end up constructing cycles in a given parameter space whose intersection
corresponds to the set we wish to count. However, intersection theory as developed above will be
applicable in our case only if we can say that all our cycles that we will end up constructing actually
intersect generically transverse. Indeed, this is what the following result of Kleiman asserts. This
theorem can be seen as a more explicit version of moving lemma. Recall k is of characteristic 0 and
is algebraically closed.

Theorem 4.0.2 (Kleiman transversality). Let G be an algebraic group acting transitively on a
variety X. Let A C X be a subvariety.

1. If f 'Y — X is a morphism of varieties, then for any general g € G, the inverse image
f~Y(gA) is generically reduced and codim x A = codim y f~1(gA)>. In particular if B — X
is a subvariety, then by Proposition 2.4.2, gA and B intersect generically transversely for any
general g € G.

2. If G is an affine algebraic group, then for all g € G

lgA] = [A] in A*(X).
For a proof, see Theorem 1.7 of |?].

Remark 4.0.3. Note that Gr(k,V) has a natural action of GL(V'), which is an affine algebraic
group, given by g - A := g(A). Thus for any two subvarieties A, B C Gr(k,V) and any general
g € GL(V), gA and B are generically transverse and [gA] = [4] in A*(Gr(k,V)).

4.1 Plicker coordinates

Let V be an n-dimensinal k-vector space. Our goal in this section is to show that Gr(k,V) is a
projective variety of dimension k(n—k) and to find an affine open covering of it. As k is algebraically
closed, it would thus follow at once that Gr(k, V') is regular and hence smooth.

Remark 4.1.1. We first observe that Gr(k, V') is in bijection with rank k matrices of shape k x n.
Indeed, fix a basis {e1,...,en} of V and consider M,fxn the set of k x n matrices of rank k£ upto row

®Recall that this notation means that f 71(gA) is pure and the equality holds for each irreducible component of

7 (gA).
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equivalence (i.e. two rank k matrices are identified if they have the same row space). Then there is
a bijection
Gr(k, V) — Mg,
A — AA

where the rows of Ap are basis vectors of A expanded in the basis of V', to yield a k& x n matrix of
rank k. Converse is obtained by taking row space of a matrix A € M, ,’jx -

We next construct the Pliicker coordinates.
Construction 4.1.2 (Pliicker embedding). Consider the function

P:Gr(k,n) — PAFV
A— [vl/\'--/\vk]

where A has basis {vi,...,v;}. This is well-defined as if {w1,...,w;} forms another basis of A,
then wy A+~ Awg =d- (vy A+ Avg) where d is the determinant of the change of basis matrix, and
thus they determine same point in P AF V.

We next wish to write P in projective coordinates of PAF V. To this end, fix a basis {e1,...,en}

of V. Writing each v; in this basis, we deduce that the k-plane A is the row space of the k x n
matrix Apx whose rows are v;. We can then write

I ARERWAR Y N Z prers
I€lnc(k,n)
where I = (i1,...,1x) is an increasing sequence of elements from {1,...,n}, e; = e;; A---Ae;, forms

the basis of AFV and p; = det Ax[I], the k x k-minor of Ay determined by columns with index I.
In projective coordinates (of which there are "Cj many), the map P is merely

P A= [prlremen)

where p;y = det Ap[I] is a polynomial in the entries of a general k x n matrix.

We first wish to show that this function is injective. Indeed, if P(A) = P(A’), then vy A---Avg =
d-wiA---Awy for d € k™ where {vy, ..., v} is a basis of A and {w1, ..., wg} is a basis of A", If [p]s
and [gr| are projective coordinates of v1 A---Avg and wy A - - - Awy respectively, then py = d-qy. It
follows that every k x k minor of Ay is a common multiple of the same minor of Ay,. Consequently,
Ap and Ap/ have same row space, as required.

The map P embeds Gr(k, V) as a subspace of P(AFV). We next claim that Gr(k,n) is in-fact a
closed subspace.

Lemma 4.1.3. The Pliicker map is a closed embedding of Gr(k, V') into P(AFV).
Proof. We need only show that the image of P is closed. To this end, we first claim that

Tm (P) = {[n] e P(AFV) | dimIm <V "y /\k+1V) <n- k} .

Indeed, image of P consists of classes of all those n € AFV where n = v1 A--- Ay, for v; € V, ie. 1
is a pure tensor. The vector 7 is of this form if and only if dim Ker (V M /\kV) > k and hence the

desired claim follows.
As An is a linear map, therefore dim Im (V | /\k“V) < n—k if and only if all n — k4 1 minors

of An are 0. This is a closed condition, as required. O
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4.2 Universal bundles of Gr(k, V)

We wish to study the two universal bundles over Gr(k, V') and its tangent bundle. We will later be
interested in Chern classes of these bundles and hence studying their behaviour will be fruitful later
on.

Construction 4.2.1 (Universal sub-bundle over Gr(k,V')). Let V be an n-dimensional k-vector
space. We construct a rank k-bundle over Gr(k, V') whose fiber at A € Gr(k, V') is the subspace A
itself. We will from now on have to view V as an affine n-space, so we make the following notation:

V' := mSpec (Sym(V™")),

that is, the closed points of Spec (Sym(V*)), which corresponds to vectors in V' and hence V has
a vector space structure which is isomorphic to V. Thus we will freely think of a vector in V' as a
point in V.

Now define the following subset of the trivial bundle Gr(k, V) x V:

VE = {(A,v) € Gr(k, V) x V | v e A}.

We wish to show that p : V¥ — Gr(k,V) mapping (A,v) — A is a rank k-vector bundle over
Gr(k,V). To this end, we first have to show that V% is a scheme. Indeed, we show that V&
is a closed subscheme over Gr(k,V) x 1% by showing that it is obtained as vanishing of certain
polynomials in the coordinates of Gr(k, V) x V.

Fix a basis {ey,...,e,} of V. Pick a point A € Gr(k, V) and v € V. Let Ap be the k x n matrix
whose row space is A. We may write v = (v1,...,v,) in the basis of V. Thus, v € A if and only if
the augmented (k + 1) X n matrix

AA}

v

AA,U = {

whose last row is v is such that all £ 4+ 1-minors of Ap, are 0. Let I € Inc(k + 1,n) and my =
det Ap [I] be one such minor. Clearly, m; is a bilinear combination of v; and k-minors of Aj, i.e.
a bilinear combination of coordinates of v and Pliicker coordinates of A in P(A*V). Hence, we get
the ideal sheaf on V%, giving us the required scheme structure on it.

To complete the proof that Vf«i is a vector bundle, we have to show that it is locally trivial.
Indeed, we claim that for any linear subspace of dimension n — k, I' C V, the open affine chart
Ur C Gr(k,V) is a trivializing open neighborhood of V¥. To this end, fix Q € Ur to be origin of Ur
so that we have projection maps

mQ:V=Q6T -0
ar:V=Qal —1T.

Recall that if A € Gr(k,V), then mql, : A — € is an isomorphism. We may thus consider the
following map

p: pil(Ur) — Ur x Q
(A, v) — (A, mq(v)).
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As the above map is coordinatewise linear and invertible, therefore ¢ is an isomorphism over Ur.
This shows that

p:VE o Gr(k, V)

is a rank k-vector bundle which we call the universal sub-bundle of Gr(k,V). If k and n are clear
from context, we will simply write it as V.

Construction 4.2.2 (Universal quotient bundle over Gr(k,V)). Let V be an n-dimensional k-
vector space. We have constructed a rank k-bundle over VX over Gr(k, V). This is a sub-bundle of
the trivial bundle & = Gr(k,V) x V. Hence, we may consider the quotient bundle Q"% = &/Vk
which is of rank n — k. We call this the universal quotient bundle over Gr(k, V).

We next see why we call them universal.

Theorem 4.2.3. Let X be a scheme, V be an n-dimensional k-vector space and k > 0. There is a
natural bijection

Homg,p, (X, Gr(k,V)) = {Rank k subbundles of trivial bundle V@ Ox over X}

given by f s f*VE where VE is the universal k-plane bundle over Gr(k, V).

4.3 Tangent bundle of Gr(k,V)

In order to do geometry over Grassmannians, we need an understanding of its tangent bundle. To
this end, we need to answer the following questions.

Q1. Let A € Gr(k,V). What is Ty Gr(k, V) both algebraically and geometrically?

Q2. What is the tangent bundle of Gr(k, V') in terms of universal bundles?
Recall that the tangent bundle to a smooth variety is given by T7X = Spec(Sym Q. /k) where Qx/
is the cotangent sheaf of differentials over X.

Theorem 4.3.1. Let V' be an n-dimensional k-vector space and k > 0. The tangent bundle of
Gr(k, V) is given by the hom bundle of V and Q over it:

T Gr(k, V)= Hom (V,Q).

Proof. We denote G = Gr(k,V) and p : TG — G and ¢ : Hom(V,Q) — G be the two given
rank k(n — k) bundles. Let I' C V be an n — k plane of V' and consider the open affine patch
Ur of all k-planes linearly disjoint to I'. For a fixed Q € Ur, we have Ur = Hom (Q2,T"). Then,
TG|y;. = Ur xHom (€, T) since TG is trivial over any affine chart of G. Our first claim is that fibers
of Hom(V,Q) at Q € Ur is isomorphic to (T'G)q. Indeed, as (TG)q = Hom (Q,T'), therefore we
need only show that Vo = Q and Qg = I'. To this end, by construction Vo = Q and Qo =V/Q =T
since V = Q @ I'. Consequently we have isomorphism

v (TG)g — Hom(V,Q)q

for each 2 € G. We claim that these define a bundle isomorphism. To this end, we need only show
that transition maps Up N Upr — GLk(k) that both the bundle induces are isomorphic for any two
affine open patches Ur,Urs of G. Indeed, as G is a variety so every bundle over G is a variety
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(Lemma ?7?) so that we may work pointwise. We first observe the transition maps for T'G. Recall
that transitions for tangent bundle comes from differential of the variety. As the transition of the
G from Ur to Uf is (denote U = Ur N Urv)

¢ : Up = Hom (€, T) — Up» = Hom (2,1”)

-1
which is obtained by the composite linear isomorphisms I' = V/Q B—> I". Consequently, the
transition map of T'G is the differential of :

dip : U x Hom (Q,T') — U x Hom (Q,T")

which is again linear. We next wish to show that Hom('V, Q) has the same transitions. Indeed, by
Theorem ?7?, it is immediate that the transition of Hom(V,Q) on U is same as d. O

Corollary 4.3.2. Let G = Gr(k, V) for some n-dimensional k-vector space V.. For A € G, we have
TAG = Hom (A, V/A).

Proof. We may take I' = V/A and Q = A in Theorem 4.3.1. O

4.4 Schubert cycles

In order to solve enumerative problems, it is essential for us to a) be able to represent the problems
by some cycles in the Grassmannian, and b) to be able to calculate the Chow ring of Grassmannians.
Schubert cycles will allow us to achieve a). We will achieve b) by showing that Gr(k, V') has an affine
stratification using Schubert cells, so by Proposition 3.4.4, we will immediately know a generating
set of the Chow ring of Grassmannians. We will then show, in-fact, that it forms a free basis.

We begin by setting up some definitions.

Definition 4.4.1 (Schubert symbols & V-chains). Let V' be an n-dimensional k-vector space
and k > 0. Denote G = Gr(k, V). Fix a complete flag V of V:

VioeVi e G- SV CVa=V.
For any k-plane A € G, define the V-chain of A to be the induced flag on A:
OCVINACVNAC---CV,.iNACV,NA=A.
Define a Schubert symbol on G to be @ = (ay, ..., ax) where
n—k>a > >a;>0.
Remark 4.4.2. To understand what a Schubert symbol signifies, we consider the following case.
Let A be a general k-plane in V. Then, we have

1. V,NnA=0fori<n-—k.
2. dmV, gy, NA=iforn>n—-k+i>n—k.
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Consequently, the V-chain of A will have dimensions

0 f0<j<n-—Fk,

dimV;NA = ] ‘
i ifn—k<j=n—k+i<n.

Let g; = n — k +i. Note that the i*"-jump in dimension of V-chain of A cannot occur after g;, that
is, g; is the maximum possible index on which i**-jump can take place.

Now assume that A is any k-plane, not necessarily general. Then the dimension of its V-chain
may not be same as above. In particular, the i*"-jump may happen earlier. Consequently, if we
denote o; € {1,...,n} the index where the first jump actually happens, that is,

dimV, NA=i& dimV, 1 NA=1i—-1,
then, we must have
o;<g;forall 1 <:¢<Ek.

A Schubert symbol @ = (ay,...,a;) then specifies the exact way in which the given k-plane fails
to be "dimensionally general" by telling an upper bound on each o;; we say that A has Schubert
symbol @ if 0; < g; — a;, equivalently, that dim V, _,, N A > i. Consequently a same plane may have
many Schubert symbols.

With the above remark, we define a Schubert cycle as all k-planes with the given Schubert
symbol.

Definition 4.4.3 (Schubert cycle & class). Let V be an n-dimensional k-vector space and k > 0.
Denote G = Gr(k,V). Fix a complete flag V of V. Let @ = (ai,...,a;) be a Schubert symbol.
Denote g; = n — k + 14, for 1 <i < k. The associated Schubert cycle of @ is the subset

Ya(V) ={A € G| dimV, o, N A >i, V1 <i<k}.

If the flag V is clear from context, we will drop it to simply write z.
For a Schubert cycle ¥z, we define its Schubert class in the Chow ring as

og ‘= [Ea(V)] € A*(G)

If @ = (i,4,...,4) for some 0 < i < n — k, then we write @ = i* and the corresponding cycle and
class as X, and o,r respectively.

Remark 4.4.4. The subspace ¥3(V) is closed because if W C V' is any linear subspace of dimension
[, then

S={AeG|dmANW > i}
is a closed subspace. To see this, first observe that we have a short exact sequence

O—>ANW AW - A+ W — 0.
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Hence, if dim ANW > i, then dim A4+ W < k+1—1. If the matrix of A, W are Ay, Ay respectively,
then the matrix of A + W is

A

Hence, we want rankAx~w < k + 1 — 4. This is equivalent to demanding all > k + [ — i-minors of
Ap4+w to be zero, which are polynomials in Pliicker coordinates of G, as required.

Remark 4.4.5. We will have to check why the Schubert class is independent of the flag chosen.
Indeed, if V and V' are two complete flags of V', then by induction, we may constrtuct a g € GL(V)
such that g(V;) = V/ for all 1 < i < n. By Kleiman’s transversality (Theorem 4.0.2), we have
92z(V) = Xz(V") and thus [Xz(V)] = [2z(V')], as required.

Example 4.4.6. If @ = (0,0,...,0), then it is clear that ¥3z(V) = Gr(k, V).

Example 4.4.7. Schubert symbols allows us to represent enumerative problems into Schubert
cycles. For example, let V; be an [-plane in V. The set of all k-planes intersecting V; non-trivially
is given by the Schubert cycle associated to the symbol

i=m—-k+1-10,0,...,0).
Indeed, we have the equivalences (notations of Remark 4.4.2)
VNA#0 <= dmVNA>1 <= 01 <] < g1 —a1 =1.
Thus ay = g1 —l=n—k+1—1, as required. If | =n — k, then

¥1,0,.,00 ={A€G | Vo, N A # 0}

)

Remark 4.4.8. For another example, consider the problem of finding all k-planes contained in a
given [-plane V}:

{AeG|ACV}.
Observe the following equivalences:

ACV, < ViNA=A < dimViNA=k < dimV,NA=kVi>I] < o0, <1
— 0; <IV1<i<k.

Hence g — ax = [ so that ay = n — [. Thus the symbol is @ = (n —I,n —1,...,n —1) so that
Ya={AeG|AC V],
as required.
Next, we wish to order Schubert symbols.

Definition 4.4.9 (Ordering on Schubert symbols). For two Schubert symbols @, b, we write
abif a; <b; forall 1 <i<k.
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We then have the following simple observation.

Lemma 4.4.10. Let EL’,E be two Schubert symbols for G = Gr(k,V'). Then the following are equiv-
alent:

Proof. The (1. = 2.) is immediate. For (2. = 1.), we proceed as follows. Pick any A € ¥z. Thus,
A satisfies

dimV,, o NA>i, V1 <i<k

By hypothesis, we then have A € ¥;. Consider the k-plane spanned by the vectors {b1,..., by}
where we choose b; € Vj,_q, \ Vg—a;—1 to be a basis vector Vg,_q,, for each 1 < i < k. Then,
Vgi—a; N A contains {bq,...,b;}, hence has dimension = i. This shows that A € ¥z. Moreover, for
this A, we have o; = g; —a;. It then follows that A € 3. Consequently, = g; —a; = 0; < g; — b; for

each 1 < i < k. It follows that b < d, as required. O
Corollary 4.4.11. If a # b are two distinct Schubert symbols, then the corresponding Schubert
cycles ¥z, X are different. O
Lemma 4.4.12. Let V be an n + 1-dimensional vector space with a basis {e1,...,ent1} and a

corresponding flag V. Then we have canonical open inclusions
i:Gr(k,V/Vi) = Gr(k+1,V)
A— A+ (ent1)
j:Gr(k,V,) — Gr(k,V)
A— A
If @ and b are Schubert symbols over Gr(k + 1,V) and Gr(k,V), then
i*(0z) = 04
j*(op) = o

where we consider og, oy as Schubert classes in A*(Gr(k, Vy,)) by setting 0z = 0 if apy1 >0, o5 =0
if by > n —k, and if not, then as the Schubert class of the symbol in Gr(k,V) it denotes.

Proof. Suppose @ and b by restriction are also Schubert symbols over Gr(k,V'). Then the proof is
immediate. Otherwise, say ag4+1 > 0 so that @ by restriction is not a Schubert symbol over Gr(k, V).
Then,

i (Zg) = {A € Gr(k, V,,) | A + (ens1) € Bz}
= {A € Gr(k,V;,) | dim Vo, N (A + (ept1)) > i V1 <i < k4 1}
C{A € Gr(k,Vy,) | dimVp,,,—a,,, N(A+ (ent1)) >k + 1}
={A € Gr(k, Vo) | Vg —apsy 2 A+ (ens1)}-

But Vg, —awiy = Vktkt1-apes = Vati-apy,- AS agy1 > 0, therefore Vi 114, ,, has dimension
< n+ 1, in particular, it doesn’t contain e,11. Hence, the above subspace is empty, as required. A
similar proof works for b. O

Out goal now is to show that the closed subspace ¥z is actually a variety. Moreover, it will
follow from this, that the collection of ¥z forms a closed strata of Gr(k, V).
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4.5 Schubert variety & affine stratification

Our goal in this section is to (finally) show that Gr(k,V) has an affine stratification. Moreover,
in the process we will end up showing that the Schubert cycle ¥z is a subvariety of Gr(k,V),
consequently its tangent space at A € Gr(k,V) is a subspace of Ty Gr(k, V). We will characterize
this subspace.

Notation 4.5.1. For this section, we fix an n-dimensional k-vector space, V a complete flag of V,
k > 0 and denote G = Gr(k, V).

Definition 4.5.2 (Schubert cell). Let @ be a Schubert symbol over G. Denote (see Definition
4.4.9 and Lemma 4.4.10)

e=%\ | s

b>a

We call 32 to be the Schubert cell associated to symbol @. As 32 is an open subset of a closed set,
therefore it is locally closed.

Our first goal is to show that X? is isomorphic to an affine space, so that it forms open strata
of an affine stratification on G.

Theorem 4.5.3. Let @ be a Schubert symbol over G. Then,

~ Ak(n—k)—
02 o AR(n—Fk)—lal
k
where |al =7 a;.

4.6 Chern classes of universal bundle

We will see that total Chern classes of universal k-plane bundle over Gr(k, V') is an alternating
sum of special Schubert cycles. Using this observation as a technical tool, we will give a complete
description of generators and relations of the Chow ring A*(Gr(k,V)).

Proposition 4.6.1. Let V be a vector space over k of dimension n and k > 0. Let V’fL denote the
universal k-plane bundle over Gr(k,V). Then,

C(Vﬁ) =l-0o1+011—" "+ (—1)k01k
in the ring AY(Gr(k,V)).

Proof. O

4.7 Chow ring of Gr(k,V)

We now prove the general form of Chow ring of finite Grassmannian.
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Theorem 4.7.1. Let V be a an n-dimensional k-vector space and k > 0. Then there is an isomor-
phism of rings given by
Zlcy,...
o Bt g, v))
ci —> ci(Vfl)

where the ideal I is generated by k relations obtained by putting all the terms of degree n—k+1,...,n
to be zero in the expansion
1

=l—(aa+ 4o +(a++w)’—.. ..
I —— (c1 k) + (a1 k)

Moreover, A*(Gr(k,V)) is a complete intersection ring.

4.8 Enumerative problems

An enumerative problem is a question of the following type:
Q1. Count the number of subvarieties satisfying property P in a variety X.
For example, the problem of counting the number of lines on a smooth cubic surface S in P3 is an
enumerative problem where X = S and P is the property that subvarieties are lines on S. A more
simpler enumerative problem, which we will focus on in these notes is the following:
Q2. Count the number of lines in P? intersecting four general lines.
We begin by showcasing a general method to solve problems of the type given in Q1.
1. Find a suitable parameter space parameterizing the object to be counted, say M. Study its
geometry and show its complete over k.
2. Compute its intersection ring, say A*(M).
. Find the cycles that the property P induces in M, say 31, ..., %,
4. Compute the product of cycle classes in A*(M):

w

5. Establish generic transversality of cycles ¥1,...,%,, so that o € Ag(M).

6. Calculate dego. This is the count.
Usually, it is the step 5 which is the most difficult. In our case, this will be verified by the Kleiman’s
result (Theorem 4.0.2).

Here’s an example of an enumerative problem.

Theorem 4.8.1. The number of lines in P that intersect four general lines is 2.

Proof. Our parameter space for this problem is Gr(1,3). By Theorem 4.7.1, we may calculate its
Chow ring as

A*(Gr(1,3)) ~ Z[cl,cﬂ . Z[Cl,CQ]

3 2 2 n 3 2 2
(2c1c9 — 3,5 — 3cjca +¢7)  (2c1c2 — €3, cyc2 — ¢3)

where under the isomorphism, —o1g9 <+ ¢; and 011 < ¢ by Proposition 4.6.1. Next, we have to find
the cycles that the problem induces in Gr(1,3). We may fix a complete flag of Gr(1,3) as

0=VocWVicVeacCcVacCVy=k?
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which projectively is
pCcLcHCcCP?

with p a point, L a line and H a hyperplane in P3. A simple expansion of definition of Schubert
cycles gives us the following:

Yoo = Gr(1,3)
Sio = {1 |1NL #0}
Egoz{l |p€l}

211:{Z|ZCH}
EQIZ{Z‘])GZCH}
Soo = {I|1=L}.

Recall that GL4(k) acts on Gr(1,3). Hence four general lines in P® may be written as
glL7 92L7 g3L7 g4L
for g; € GL4(k) being four general linear isomorphisms. Note that we are interested in the cycles

91210, 922310, 93210, 942310

and in particular, we want to count the set

4
ﬂ 9i%10-
i=1

By Kleiman’s transversality (Theorem 4.0.2), we have that each of g;31¢ intersects generically trans-
verse to each other. Consequently, by Corollary 2.4.4 and another use of Kleiman’s transversality,
it follows that in A*(Gr(1,3)) we have

[91%10 N g2%10 N g3%10 N 94%10] = [91%10] - [92210] - [93%10] - [94210]
= [210]4 = U%(r

Note that of, € A*(Gr(1,3)), i.e. the Chow group of dimension O-cycles. As Gr(1,3) is complete
since it is a closed subvariety of a projective space, therefore we have the degree map

deg : A*(Gr(1,3)) — Z

which is well-defined by proper pushforward. As A*(Gr(1,3)) is generated by a single Schubert
class, namely o092, therefore we have 0‘110 = c- 099 for ¢ € Z. Hence

degofy = c.

Hence we need only calculate ¢ and that will be our count.
From the isomorphism in the beginning, we deduce

4 3 2 2
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We finally claim that 0%, = 092. Indeed, for a general g € GL4(k) we have by Kleiman’s transver-
sality and Corollary 2.4.4 that

oty = [Zu] - [Bu] = [Bu] - [920] = [Eu N gSul.
Since
Y11Ng¥={leGr(1,3) | IC HNgH}
and H N gH intersects in a line in P3, therefore

Y1 Ng¥ ={HNgH}.

[¥11 Mg = [HNgH] = [L] = [E22] = 022,

hence o, = 2092 and thus degoj, = 2, i.e. there are two lines in P? which intersects the four
general lines. O
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A Results from scheme theory

We collect here general results from scheme theory which we need in the main text.

A.1 TIrreducible components

In this short section, we describe the decomposition of a closed subscheme of a locally noetherian
scheme into finitely many irreducible components. Let us begin by the following basic observation.

Remark A.1.1. Recall that a closed subset of an integral scheme is closed under specialization,
whereas an open subset of an integral scheme is closed under generization.

Remark A.1.2 (Integral closed subschemes by points). Let X be a scheme and = € X be a point
and Z = {z} to be the closed irreducible subspace of X. Giving Z the reduced induced subscheme
structure on Z, thus making Z < X an integral closed subscheme of X.

The following proposition shows that a minimal prime in an affine open subset gives an irre-
ducible component of the whole scheme!

Proposition A.1.3. Let X be a scheme, U = Spec (A) C X an open affine and p € U. Denote
Y = m to be the closed irreducible subspace of X. Then the following are equivalent:

1. p is a minimal prime of A.

2. Y is an irreducible component of X.

Proof. (L = R) Suppose Y C Z is a closed irreducible set of X properly containing Y. Denote
n € Z to be its unique generic point. As U N Z is a non-empty open subset of Z, therefore it is
dense in Z. Consequently, n=q e U. fYNU C ZNU, then ZNU = V(q) C U properly contains
Y NU =V(p). We get \/q C /b, so that q C p, contradicting the minimality of p.

(R = L) Let Y be a maximal closed irreducible set. If ¢ C p, then V(q) 2 V(p) in U. De-
note Z = {q}. If V(p) = V(q), then ZNU =Y NU and hence Y = Z. Hence we may assume
YNUCZNU. Asp e YNU C ZNU, therefore {p} =Y C Z. But since Y NU # ZNU, therefore
Y C Z, a contradiction to maximality of Y. O

Let X be a scheme and Z C X be a closed subset. We always consider Z as a closed subscheme
of X, where the subscheme structure is given as follows.

Remark A.1.4 (Reduced induced subscheme structure). Let X be a scheme and Z C X be a closed
subset. The reduced induced structure on Z is the ideal sheaf Jz of Ox unique with the property
that for any open affine U = Spec (A) C X, the ideal sheaf Iz on U gives Jz(U) = ay where ay is
the intersection of all the primes of Spec (A) contained in Z NU. In particular, if ZNU = V(I) as
a set for some ideal I < A, then ay = /1, the radical of I. Hence, Z N U has the scheme structure
of Spec (A/arr). Note that since each Spec(A/ay) is reduced, therefore (Z,0x/Jz) is a reduced
scheme.

The following is another way to state the property that reduced induced scheme structure is the
smallest possible scheme structure on 7.

Lemma A.1.5. Let X be a scheme and Z C X a closed set. The reduced induced scheme structure
on Z is given by the largest ideal J of Ox such that Supp(Ox/J) = Z.
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Proof. Let Jz be the ideal corresponding to reduced induced structure on Z and J be any other
ideal such that Supp(Ox/J) = Z. For any open affine U = Spec (A) of X, we have by definition
that Jz(U) = 1/J(U). Thus on U, we have an inclusion J|;; < Jz|;. By locality of injective map
of sheaves, we have J < J, as required. O

Lemma A.1.6. Let Z C X be a closed subset of a scheme X. Then the reduced induced structure
on Z s the unique reduced scheme structure on Z.

Proof. Let J be a reduced subscheme structure on Z. Then by definition of reduced induced struc-
ture, it is sufficient to show that for any open affine U = Spec (A) of X, the ideal J(U) < A is radical
of itself. This is immediate, since A/J(U) is reduced, so 1/J(U) is indeed radical of itself. O

Remark A.1.7. If X is a scheme and Z is an irreducible component, then the reduced induced

structure on Z gives it a structure of a subvariety of X, which we again call the irreducible component
of X.

The following observation is elementary but is important to study intersections.

Lemma A.1.8. Let X be a scheme and Y, Z C X be two closed subschemes. If Jy and Tz are ideal
sheaves of Y and Z respectively, then the ideal sheaf of the intersection Y N Z isJa + Ip.

Proof. Note that Y N Z is a closed subscheme of X. Pick any affine open U = Spec(A) of X.
Then UNY = Spec(A/Iy) = V(Iy) and UN Z = Spec (A/Iz) = V(Iz) where Iy = Jy(U) and
Iz =732(U). Thus, UNYNZ =V (Iy)NV(Iz) = V(Iy+1z). Since we have (Jy +J2)(U) = Iy + 1z,
thus by uniqueness of closed subschemes and ideal sheaves, we conclude that Jy + Jz is the ideal
sheaf of Y N Z. O

Theorem A.1.9 (Generalized principal ideal theorem). Let f : X — Y be a map of varieties where
Y is smooth. If B CY is a subvariety, then every irreducible component C of f~1(B) satisfies

codim xC < codim y B.

An important corollary of the above principal ideal theorem is the following.

Corollary A.1.10. Let X be a smooth variety, A, B C X subvarieties and C C AN B be an
irreducible component of AN B. Then

codim C < codim A + codim B.

Proof. Take f to be the inclusion ¢ : B < X in Theorem A.1.9. O

A.2 Subvarieties of a scheme

We first wish to see that the support of a coherent O x-module is closed.

Lemma A.2.1. Let X be a scheme and F be a coherent Ox-module. Then Y = Supp (F) is a
closed subset of X.
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Proof. As being closed is a local property, therefore for any open affine U = Spec (A4), we wish to
show that Y NU is closed in U. As Y NU = {x € U | I, # 0}, therefore Y N U = Supp (F|;,).
It follows from coherence of JF that F|; = M where M is a finitely generated A-module. As

Supp (M ) = Supp (M) and M is finitely generated, therefore Supp (M) = V(aps) where ays is
annihilator of M, as required. O

Recall that any coherent module of Ox admitting an injection to Ox is an ideal sheaf.

Lemma A.2.2. Let X be a scheme and M be a coherent Ox-module with an injective map f :
M — Ox. Then, M is an ideal sheaf of Ox.

Proof. 1t suffices to show that for any open affine U = Spec (A) of X, the Ox (U)-module M(U) is
an ideal of Ox(U). Indeed, fy : M(U) — Ox(U) is injective by definition of an injective map of
sheaves. Consequently, M(U) is an ideal of Ox(U), hence M is an ideal sheaf of Ox. O

We next show the following result, which shows the uniqueness of a variety structure on a closed
irreducible set.

Lemma A.2.3 (Extension of varieties). Let X be a scheme and U C X be an open subscheme. If
V C U is a k-dimensional subvariety of U, then the closure V in X is a k-dimensional subvariety

of X with K(V) = K(V).

Proof. Let J < Oy be the ideal sheaf of V in U and j : U < X be the inclusion. Then, j,J < X
is an ideal sheaf of X. We claim that Supp(Ox/j.J) = V. Indeed, for z € X, we have that
(Ox/jsd)z # 0 if and only if (j.J)s < Oxy is a proper ideal. Hence, clearly Supp(Ox/j:J) 2 V
as for any = € V, (j.J), = J;. As Ox/7.J is coherent and support of coherent sheaves are closed
(Lemma A.2.1), therefore we further have Supp(Ox/j.J) 2 V. If x € X — V, then there is an open
affine x € U C X — V. Consequently, (j.J); = 0 as j,J|; = 0. This shows that Supp(Ox/j.J) = V.
As V is irreducible, hence so is V and of same dimension as V. Thus, (V,0x/j.J) is a subvariety
of X of dimension k.
To see the last assertion, observe that the generic point of V' is in U, sa y . Thus for Oy

Ox/j+J, localizing at the generic point gives K (V) = Ox /1, = Oyy = K(V). O
Lemma A.2.4. Let L* be a k-dimensional linear subspace of P*. Then LF =2 Pk,

Proof. Note that L* is given by Proj(k[zo,...,zn]/I) where I = (f1,..., fn_i) where each f; is a

linear homogeneous polynomial in K|z, ...,,]. In particular, L*¥ = V(I). We may write
fi o
: =A- || =A-7
Jn—k Tn

where f; = Z?:o a;;x;. Thus A is of size n — k x n+ 1 and it is of rank n — k. It is clear that the
ideal generated by FA - T is same as I where F is an elementary row matrix. We may thus reduce
A to its row reduced echelon form, which will be of form

EA:[I 3}7

0 0
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where [ is of size n — k. Denoting ¢ = FA - T, we get that
gi = x; — h;

for 0 < ¢ < n—k—1 and h; homogeneous polynomial in coordinates x,_g,...,T,. As we have
(f1y--+s fa—k) = {90y --,9n—k—1), hence by above, we have that the map

Y klxo, ..., zn]) — K[zo, ..., T4
x; — hi(Tp_p,...,zn) fO0<i<n—k-—1
T; ifn—-—k<i<n.
has kernel I and image isomorphic to k[z,,—g,...,%,]. Thus, we have produced an isomorphism
k[zo,...,zpn|/] 2 K[y, ..., xy,], as required. O

The following correspondence is useful for geometric intuition.

Proposition A.2.5. Let X be a variety. Then there is a natural isomorphism between elements of
function field of X and dominant rational maps X --» P,

K(X) = Homy,,pr (X,P).

Proof. By equivalence between dominant rational maps and finitely generated field extensions, we
have a natural isomorphism

Homy,,pr (X, P') 2= Homg, e (K (P'), K (X)).

f,
F1dE

As K(P') = k(T) where T is the coordinate of an open affine patch Spec (k[T]) and since any
k-linear field homomorphism « : k(T') — K(X) equivalently is determined by any non-constant
function in K(X), hence we have the natural isomorphism

Hom (k(T),K(X)) 2 K(X).

£
FldiE

This completes the proof. O

A.3 Scheme theoretic image of varieties

Lemma A.3.1. Let f : X — Y be a map of schemes and W — X be a subvariety of X. Then
f(W) is a subvariety of Y. This is called the scheme theoretic image of map f°.

Proof. By putting reduced induced structure, we have that f(W) is a closed reduced subscheme.
We need only show that f(W) is irreducible. Indeed, consider the generic point n € W of W. We
claim that f(n) = f(W). By continuity, we have f(W) = f(7) C f(n) C f(W). Taking closures
again in the above inclusion, we get

fW) < f(n) < f(w),

which shows that f(n) = f(W), as required. O

Ssee Ex.I1.3.11 of [Har77).
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One wonders the relationship of function field and dimension of the scheme theoretic image with
the domain. For our purposes, the following relation is sufficient.

Proposition A.3.2. Let f: X — Y be a map of varieties where dim X = dim Y. Then the induced
map on function fields f* : K(Y) — K(X) is a finite extension.

Proof. Note that as X and Y are finite type k-schemes, therefore K(X) and K(Y') are fraction
fields of finite type k-algebras so they are finitely generated field extensions of k. As dim X =
trdeg K(X)/k = trdeg K(Y)/k = dim Y, therefore by additive tower law of transcendence degree,
we deduce that

trdeg K(X)/K(Y) = 0.

It follows that K (X)/K(Y) is an algebraic extension. As K (X) and K(Y) are finitely generated ex-
tensions of k, therefore by tower law, K(X)/K(Y) is a finitely generated extension. By algebraicity
of K(X)/K(Y), we deduce that K(X)/K(Y) is finite, as required. O

Remark A.3.3 (Dimension of scheme theoretic image). Let f: X — Y be a dominant morphism
of varieties. Consequently, there is an induced map on function fields as generic point maps to
generic point by dominance. Let f” : K(Y) — K(X) be this map. As f° is an injection, we thus
have the inequality

trdeg K(Y)/k < trdeg K(X)/k.
We deduce that
dimY <dim X.

Remark A.3.4 (Inverse image). Consider a map of schemes f : X — Y and Z C Y be a closed
subscheme of Y. Then the inverse image f~!(Z) is defined to be the fiber product:

42 —— 72
czi . jez
X f} Y

where f~1(Z) < X is a closed subscheme as closed immersions are stable under base change.
The following is an important decomposition of a proper surjective map of varieties.

Theorem A.3.5 (Stein factorization). If f : X — Y is a proper surjective map of varieties, then f
factors via maps [’ : X — Y’ which has connected fibers and g : Y' — 'Y which is finite. Moreover,
if dim X = dimY’, then there exists a non-empty open U C X such that f'|;; is an isomorphism.

A.4 Length

As intersection multiplicity is defined as the length of a certain module, hence we give here some
basic properties of length for reference.
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Definition A.4.1 (Length of a module). Let R be a ring and M be an R-module. Then the
length of M is given by the length of the longest ascending chain of submodules of M:

lenp(M) :=sup{r e N | My C My C My C --- C M, is a chain of submodules of M}.

A finite chain My C My € My C --- C M, is called a maximal length chain if it cannot be extended,
that is, each factor M;/M;_; is a simple module. A maximal length chain is also called a composition
series. Consequently, length of a module M is defined to be the length of the longest composition
series.

An important result about length of modules is the fact that over a local ring R, any two
composition series have the same length and composition factors.

Theorem A.4.2 (Jordan-Hélder). Let R be a local ring and M be an R-module which contains a
composition series. Then any other composition series has the same length and composition factors.
That is, length of M is equal to length of any composition series.

The following are essential properties of length which one uses while dealing with maps.

Lemma A.4.3. Let f : R — S be a map of rings and M be an S-module. Then leng(M) > leng(M)
and equality holds if f is surjective.

Proof. Follows from correspondence of submodules via a quotient map. O
The following is an easy exercise.

Lemma A.4.4 (Additivity of length). If M; are finite length R-modules and the following is exact:
00—+ M, =M,y — - — M — My—0,

then

n

> (1) leng(M;) = 0.

i=0
We wish to characterize finite length modules over a noetherian ring. We begin with a lemma.
Lemma A.4.5. Any finite length R-module is finitely generated.

Proof. If M is not finitely generated, then let { f,}acr be a generating set of M and let {f,}, be a
subsequence. Then, the chain

0C (fi) S {fi,fa) &
is a chain of submodules of M which doesn’t stabilizes, a contradiction to finite length. O

Using results on artinian rings, we see an important characterization of artinian rings and finite
length rings.

Theorem A.4.6. Let R be a ring. The following are equivalent:
1. R is artinian.
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2. R has finite length.

Proof. (1. = 2.) By structure theorem of artinian rings, we reduce to assuming R is local artinian,
(R,m). Recall that for an artinian ring, the Jacobson radical of R is nilpotent, which is just m.
We construct a chain of ideals of R, where each subquotient has finite length. Indeed, consider the
chain

0=m"Cm"'C...Ccm?>CmCR.

=

Note that m*~!/m’ is an k = R/m-module. If any one of m’/m‘~! is infinite dimensional as an
k-vector space, then the above chain of ideals can be refined to an infinite chain of strictly decreas-
ing ideals, a contradiction to artinian condition. Hence each subquotient is a finite dimensional
r-module and hence its length as an R-module is equal to its dimension as a k-module (Lemma

A4.3).

(2. = 1.) Take any descending chain of ideals Iy 2 Iy 2 o 2 .... If it doesn’t stabilize,
then we have an infinite length chain, so that len(R) is not finite, a contradiction. O

The following is an essential result which we’ll use later.

Proposition A.4.7. Let R be a noetherian ring and M be a finitely generated R-module. If p €
Supp (M) is a minimal prime of M, then M, is a finite length Ry-module.

Proof. As Supp (M) = V(Ann(M)), therefore a minimal prime p € Supp (M) is an isolated /minimal
prime of Ann(M). As M, is an Ry-module, therefore it suffices to construct a composition series
of M,. Let M be generated by f1,...,f, € M, so that M, is also generated by their respective
images. We thus get the following chain:

0C <f1>g <f17f2> gg(flavfn>:Mp

(f1,-f4)

It suffices to show that TofD is a finite length Rp-module. Indeed, we have a surjection

<f17"'7fi>
(fisooy fim1)

hence it suffices to show that (f;) is a finite length Ry-module. To this end, pick any € M. We'll
show that (x) = xR, is a finite length Ry-module. Observe that (z) = xR, is isomorphic to R,/
where I is the annihilator of x in R,. We may write I = aR, where a < R is contained in p. Hence,
we wish to show that S = Ry/aR, is a finite length Ry-module, that is S is a finite length ring.
Indeed, as S = (R/a), and p is a minimal prime in Supp (M), that is, minimal prime containing
Ann(M), and since Ann(M) C a C p, therefore p is a minimal prime of a as well. It follows that
S = (R/a), is a dimension 0 ring. Since R is noetherian and noetherian property is inherited by
quotients and localizations, therefore S is a noetherian ring of dimension 0, hence artinian. From
Theorem A.4.6, it follows that S is of finite length, as required. O

(fi) =

Theorem A.4.8. Let R be a noetherian ring and M be an R-module. Then the following are
equivalent:
1. M has finite length.
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2. M 1is finitely generated and dim R/Ann(M) =0, i.e. R/Ann(M) is an artinian ring.

Proof. (1. = 2.) By Lemma A.4.5, M is finitely generated. Let 0 = My C My C My C --- C M, =
M be a composition series of M, which exists as len(M) < co. We thus get that M;/M;_1 = R/m;
for some maximal ideals m;, as these subquotients are simple. Note that dim R/Ann(M) = 0 if and
only if Supp (M) consists only of maximal ideals. So let p € Supp (M). Thus M, # 0. It follows
that for some i, (M;/M;—1), # 0. As (M;/M;_1), = (R/m;),, therefore this can only happen if
m; C p, i.e. m; = p, as required. This also shows that Supp (M) = {my,...,m;}.

(2. = 1.) We need only construct a composition series of M. We have Supp (M) consists only
of maximal ideals. Consider Supp (M) C Spec (R). As M is finitely generated, say by fi,..., fn.
Then we get a chain of submodules

0c{fc{ff) e S{fi,....fn) = M.
We need only show that each subquotient is a finite length R-module. Indeed, as we have a surjection

(fr,--, fi)
<f17 .. ')f’i—l>7
so it suffices to show that (f;) is a finite length R-module. To this end, it suffices to show that for

each x € M, the submodule Rz is of finite length. Indeed, we have Rz = R/I where I = Ann(z).
As I D Ann(M), therefore

(fi) =

R/Ann(M)

RIT= )

As R/Ann(M) is an artinian ring and any quotient of artinian ring is an artinian ring, it follows at
once that R/I is an artinian ring. By Theorem A.4.6, R/I = Rz is of finite length, as required. [

From the above proof, we can deduce the following.

Corollary A.4.9. Let R be a noetherian ring and M be a finitely generated R-module. Then the
following are equivalent:

1. M is of finite length.

2. There exists a chain

0=Mo G M G- GMy=M

where M;/M;_1 = R/m; and Supp(M) = {my,...,m,}.
3. Support of M consists of finitely many maximal ideals.

Proof. (1. < 2.) If M is a finite length module, then the maximal chain has each subquotient a
simple module. Let R/m; be the subquotients. We wish to show that Supp(M) = {my,...,my}.
This is what we showed in the proof of Theorem A.4.8. Conversely, suppose M has the a chain as
above with each subquotient a field. Then this is a maximal chain, as required. Note that (2. =
3.) is immediate.

(3. = 1.) Let Supp(M) = {my,...,m,}. As showed in the forward part of proof of Theorem
A.4.8, R/Ann(M) is of dimension 0 if and only if Supp(M) consists of finitely many maximals. The
result follows from the other part of the theorem. O
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The following lemma shows how one should generalize the valuation of a rational function at a
codimension 1 subvariety.

Lemma A.4.10. Let R be a DVR with valuation v : K — Z and fir a € R. Then,
v(a) =leng R/aR.

Proof. Let t € R be the local parameter of R. Then a = ut™ where u € R* is a unit and n > 0.
As v(a) = n, therefore we must show lengp R/aR = n. Indeed, as R is a DVR, therefore every
ideal of R is a principally generated by a power of ¢t. Hence, R/aR = R/t"R. We first show that
M = R/t"R is a finite length R-module. Indeed, as Ann(R) = t" R, therefore by Theorem A.4.8 we
must show R/t"R is a dimension 0 ring. Indeed, as R has only two primes, therefore R/t"R has
only one prime. It follows that dim R/t"R = 0, as required.

The only chain of ideals in R/t"™R is the image of the following chain in R:

t"RCt" 'RC---Ct?RCtR=mC R.
Thus, leng R/t"R = n, as required. O
The following is an essential property of lengths.

Lemma A.4.11. Let R be a ring such that for f,g € R, the R-modules R/fR,R/gR and R/fgR
has finite length. Then,

leng R/fgR =leng R/fR + leng R/gR.
Proof. Follows from simple comparions of chains of ideals. O

Here’s a more general result.

Lemma A.4.12. Let M be a finite length R-module. Then,

lengp(M) = Z leng, (M) = Z leng,, (My).

peSpec(R) meSupp(M)

Proof. We first have to show that the sum is finite. Indeed, observe that as M has finite length,
therefore M is finitely generated and R/Supp (M) is an artinian ring by Theorem A.4.8. Conse-
quently, Supp (M) = V(Ann(M)) has only finitely many maximal ideals of R. This shows that the
sum is finite.

To show the equality, it suffices to show that each maximal m € Supp(M) occurs leng, (My)
many times as a composition factor in any composition series of M. Take a composition series
My ¢ My € -+ C M, = M of M with M;/M;_; = R/m; where m; € Supp (M) and fix
m € Supp (M). Localizing at m, we get the chain (My)m C (M1)m C -+ € (M;)m where the
subquotient (M;/M;_1)m = (R/m;)m = R/m; = Ry/m;Ry. Hence, m; Ry, is the maximal ideal of
Ry, showing that m; = m. Hence m appears leng, (My)-many times as a composition factor of the
chain of M, as required. O

We deal exclusively with length of modules over local rings. The following therefore shows the
effect on length of a module under a map of local rings.



52 A RESULTS FROM SCHEME THEORY

Proposition A.4.13. Let ¢ : A — B be a local homomorphism of local rings. We thus have a field
extension of residue fields k(B)/k(A). Then the following are equivalent for a B-module M :

1. As an A-module via @, we have leng(M) < oco.

2. We have leng(M) < 0o and [k(B) : k(A)] < oc.

Moreover, if any of the above is satisfied, then
leng(M) = [k(B) : k(A)] - leng(M).

Proof. Let 0 = My C M; C My C --- C M, = M be a composition series of M as a B-module.
Hence leng (M) = n. As B is local, therefore each subquotient is isomorphic to x(B). Now for any
1 <i < n, we have the following exact sequence of A-modules:

0— M,y — M; — k(B) — 0.
By Lemma A.4.4, we have the following equalities:

leng(M) = leng(M,—1) + leng(k(B))

= lena(Mp) +n - lena(k(B)).

Consequently, leng (M) = leng(M) - lena(x(B)). We need only show that lena(k(B)) = [k(B) :
k(A)]. Aslena(k(B)) = len gy, x(B) since my - k(B) = 0, therefore leny (r(B)) = leny ) £(B) =
[£(B) : k(A)], as required. O

Corollary A.4.14. Let ¢ : A — B be a local homomorphism of local rings. We thus have o field
extension of residue fields k(B)/k(A). Let f € A be a non zero-divisor. Let M be a B-module be a
finite length modules and k(B)/k(A) is a finite extension. Then

leny <;\J{4) = [k(B) : k(A)] - lenp <f]\]4\4> .

Proof. Immediate from Proposition A.4.13. O

Corollary A.4.15. Let A be a ring, M be a finite length A-module and f € A be a non zero-divisor.
Then,

MY M, )
leny (W) = Z leng, <fMp .
pESupp(M/ fM)

Proof. Immediate from Lemma A.4.12 O

Lemma A.4.16. Let (A, m) be a local ring, 1 : A — B be a finite A-algebra and M be a finite length
B-module. If m; € Spec (B) are the finitely many mazimal ideals of B such that 1~'(m;) = m, then

Zhaan (My,) - [(Bm,) : K(A)] = leng (M).

Proof. Follows from Proposition A.4.13. O
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The following result is used in proper pushforward.

Theorem A.4.17. Let A be a one-dimensional domain, K = Q(A), M be a finitely generated
A-module and f € A. Let my : M @4 K — M ®4 K be the K-linear map induced by multiplication
by f on M. Let det(my) € K be the determinant of my. Then,

len 4 (;\]\44) =leny (W) .

Proof. Lemma A.3 of [Ful84]. O

The following lemma relates the length of the length of a flat local A-algebra with that of A.

Lemma A.4.18. Let A and B be local rings and @ : A — B be a flat map. Then
1. The induced map f : Spec (B) — Spec (A) is surjective,
2. If A and B are Artinian local rings, then

leng(B) =lena(A) -leng B/myB.

Proof. 1. Let p € Spec (A) be a prime. We wish to find q € Spec (B) such that ¢~!(q) = p. Going
modulo p, we get the map ¢ : A/p — B/pB. This map is further flat as base change of a flat map
is flat. We thus reduce to assuming that A is a domain and p = 0. Observe that ¢(a) in B is a

non zero-divisor for each non-zero a € A since 0 — A =% A remains injective by flatness of B. Thus
Im () consists of non zero-divisors of B. Any prime corresponding to B/¢(A) - B will then work.
If this quotient is zero, then B is a domain and hence zero ideal will work.

2. By Theorem A.4.6, ring B has finite length, say . Thus we have a maximal chain of ideals
of A

0=Lh<chL<C---CI,=A
Consequently, I;/1;—1 is a simple A-modules, that is,
Li/I; 1 = A/my.
As B is a flat A-algebra, therefore by tensoring with B, we get a chain of ideals of B
0=lZWBCLBC.---CI,B=B5B.

Flatness further yields that I; B/I; 1B = I;/I;_ 1®4B = A/mgq®4 B = B/mB. Since the following
is exact

0— Ii_lB — IZ'B — B/mng — 0,
thus by Lemma A.4.4 (additivity of length), we have the recurrence relation
leng I;B =leng I,_1B + lenp B/mAB.

From this, the result follows at once. O
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A.5 Normalization

We discuss some technical results about normalizations that we need in the main text, assuming all
the basic facts. We begin with a basic fact about normalizations.

Lemma A.5.1. Let X be a variety and p : X — X be its normalization so that X is a normal
variety. Let Z € PDiv(X) is a prime divisor of X and R be the integral closure of Ox z in
K(X)=K(X). Then,

1. R is a semi-local 1-dimensional domain with maximal ideals my, ..., m,.

2. The local rings Ry, in K(X) corresponds to local rings O ¢ - of irreducible components W; of
p NZ) =Ui_, Wi, n; € X is the generic point of W;.

3. The local rings O ¢ n; 4re of dimension 1. Consequently, the subvarieties W; are codimension
1in X.

Proof. We begin with the following observation. If U = Spec (A) is an open affine of X, then let
n € U be the generic point of Z. Note that K(X) = Q(A). By definition of normalization, we
have U = Spec (A) is an open affine of X where A <+ A is the normalization of A in K(X). The
following diagram then commutes where left vertical is induced by normalization

S
P

J

Thus, Q x,7z = Ay. As localization and normalization commutes, therefore R = Ox 7z = A4, = /L,
where A is an A-module.

1. Note that Oxz C K(X) = K(X) is 1-dimensional local domain. By Cohen-Seidenberg,
RCK (f( ) is 1-dimensional domain as well. To see the semi-local property, pick the maximal
m of Ox z. As R is the normalization of Ox z, therefore every maximal of R lies over m. As
dim R = 1, therefore dim R/mR = 0 and hence R/mR is artinian. It follows that R/mR has finitely

many maximals and hence there are only finitely many maximals of R.

2. As in the remark above item 1, we have p : U — U. Let ni,...,ns be the generic points of
irreducible components of p~!(Z). By replacing X by U, X by U and Z = V(1), we have that
each n; € U is a minimal prime of the ideal nA since p~(Z) = V(nA). We first show that maximal
ideals of R = fln and minimal primes of fl/nfl are in bijection.

First, observe that as dim A = 1, therefore fl/n[l is dimension 0 and hence artinian so that
every prime is maximal. Next, maximal ideals of fln are maximal ideals of A which lie over 7. On
the other hand, maximal ideals of fl/n[l are the maximals of A which contains nfl, i.e. lie over
n. Hence we have a bijection and thus r = s. Finally, we have Ry, = (4;)m, = Am, = O, , as
required.

i’

3. By item 2, we need only show that dim Ry, = 1. Since dim Ry, = htm; and dim R = 1,
so we are done. O
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A.6 Smoothness, differentials & regularity

We discuss some more geometric aspects of schemes and varieties.

A.6.1 Tangent spaces

Recall that for a scheme X (recall our schemes are separated finite type over k), we define two types
of tangent spaces at a point x € X. One is Zariski tangent space, given by

m
T2 X = Hom,y (;” m(x))
mX,z
The other the usual k-tangent space given by

T.X = Homy (mf‘” , k).
mX,:):

If x € X is a rational point, then x(x) = k and thus 77" X = T, X. As our schemes are supposed
to be over k, thus we choose not to work with 77#" X | primarily because there’s an easy description
of maps of tangent spaces.

Construction A.6.1 (Map on tangent spaces). Let f : X — Y be a map of schemes. Then for
each z € X, we get a map of tangent spaces given by fg 1 e X — Ty)Y. Indeed, we first have a
local map of local rings fg : Oy, f(z) = Ox.z, which descends by local condition onto a map on the
cotangent spaces:

b MY, f(2) Mxo
fm : 2 2 .
mY7f(x) mX7I

Dualizing this with respect to k, we get the required k-linear map
T X — TppY.

Remark A.6.2 (The "immersion" in a closed immersion). Now suppose that i : X < Y is a closed
immersion of a subscheme in Y. Then, the corresponding map on tangent spaces

P T X — T,Y
is an injective k-linear map since the map on local rings
Zi : Oy@« — OX@

is surjective as Ox = Oy /J and thus the local ring O x ; is the quotient of Oy, at some ideal and ZZ:
is that quotient map. Consequently, there is a surjection on cotangent spaces and by left-exactness
of Homy (—, k), we ge that T, X — T,Y is an injective map. This is the reason we call a closed
immersion an immersion, as it induces an injective map on tangent spaces, just like the terminology
in differential geometry.

We next wish to see some simple results about tangent spaces which are helpful in discussion
regarding transversality.
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Lemma A.6.3. Let X be a noetherian scheme and x € X be a reduced point. Then there exists an
open affine x € U C X where U is a reduced affine scheme.

Proof. Consider V' = Spec (A) an open affine containing x where A is noetherian. Let z = p € V
and n < A be the nilradical of A. Note n, is the nilradical of Ay, hence is zero by hypothesis.
By noetherian property, let fi1,...,f, € n be a generating set of n. Hence by n, = 0, we get
that there exists g; ¢ p such that ¢g;f; = 0. Let g = g1...g,. As nilradical of A, is ng, where
fi/1 = g- fi/g = 0 for each i, therefore nj = 0. Hence A, is reduced, so that we may take
U = Spec (Ay), as required,. O]

Lemma A.6.4. Let X be a variety and A, B C X be two subschemes. Let C' is an irreducible
component of AN B and p € C.

1. We have T,C = T,ANT,B.

2. We have that A and B are transverse at p € C.

codim T,C' = codim T,,A + codim T, 5.

Lemma A.6.5. Let X be a variety and A, B C X be two subvarieties. If A, B meet transversely at
p € C C AN B where C is an irreducible component of AN B, then in T, X we have

T,ANT,B =T,C.

Proof. This is true by above lemma but we give a different proof. Since we have inclusions T,,C' C
T,A,T,B, therefore we have T,,C C T,ANT,B in T,X. We need only show that 7,,C' and T,ANT,B
have same dimension. In particular, it is sufficient to show that dim7,,C > dim7,A NT,B. Note
that as p is a smooth point for A, B and C, therefore, dim C = dim O¢;, = dim7},,C and similarly
dim A = dim7T,A, dim B = dim7,,B. By Corollary A.1.10, we have

dim7,C' > dim T, A + dimT),B — dim X.
By transversality, we further have (Remark 2.1.2)
dimT,ANT,B = dimT,A + dim T, B — dim X.

This completes the proof. O

A.6.2 Tangent cones

Definition A.6.6 (Tangent cones at a point). Let X be a scheme and p € X. Denote m to be
the maximal ideal of the local ring Ox ,. Note that we have a filtration of the local ringConstruct
the following graded k-algebra

me m _ m?

a>0

As A is generated as an algebra on m/m?, therefore we have a surjection (induced by universal
property of Sym)

@p : Sym(m/m?) — A.
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Denote the affine space Spec (Sym(V*)) over a vector space V as V and the projective space over V'
as PV = Proj(Sym(V™*)). The affine and projective tangent cones of X at p are defined respectively
as the following schemes in the affine and projective tangent space 7T, X and PT,X:

TCpX = Spec(A) = T, X
PTC,X = Proj(A) = PT,X.

Lemma A.6.7. Let X — A" be a closed subscheme of affine space with ideal I < Kk[x1,...,xp].
Then the affine tangent cone to X at origin p

TC,X CT,X CT,A" =A"
1s given by the ideal generated by smallest degree homogeneous terms of each f € I.

Proof. Let A =@~ m“;—il where m is the maximal ideal of Ox,. Denoting B = k[z1,...,z,]/I
the coordinate ring of X and my = (z1,...,2,), we get that Ox ) = B, and m = mgBy,. We have
surjections

Kfa1, ..., 2] = Sym(mo/m3) 25 Sym(m/m?) 2 4.

The map g : k[z1,...,2,] = Sym(m/m?) is given by z; > Z;. The map ¢ on the other hand is
given as follows. Pick a polynomial p € Sym(m/m?) and write p = p, + pma1 + ... where each py
denotes the k-degree homogeneous part of p. Then, ¢o(p) = >, pr where each pj € m",:—il Thus
the composition

mik[xy, .o x,] > A
maps p(x1,...,2,) to >, pr, where pj, € mF /mFt1. We claim that
Ker (m) = (fm | f € I, fm is the least degree homogeneous term of f) =: J.

To this end, we first calculate m®/me*tt. As

m® (mg, I)

mot1 - <m84+1’1>‘

Pick f,, a generator of J corresponding to some f € I. We wish to show that 7(f,,) = 0. Indeed,
we have
m™ (mg", I)

ﬂ-(fm):fme =

mm+1 <m(7)n—|-17 I> :

Note that f; € mg”rl for all k > m + 1, therefore fy, = f — > ;5,41 fir isin (mSH,D as required.

Conversely, pick any g € Ker (7). We wish to show g € J. As g, = 0 in m*/m**! therefore

gk € (ngrl, I). Consequently, we can write

gk = Zhi,k+l i+ f
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where h; 41 is a degree k 4+ 1-monomial, /; some polynomial and f € I. As deg(h; 41 -1;) > k+1,
therefore after writing

f=9c— Zhi,kJrl i,

we see that g is the least degree term of f. As g = >, gx and each gy is a generator of J, hence
g € Ker (), as required. O]

Here are some examples of tangent cones to affine schemes.

Example A.6.8. Consider the curve X : 32 — 22 — 23 in A2 and p = (0,0) the origin. Then TC,X

in A? is the scheme given by the ideal y? — 2.

2

Figure 2: The curve in red is 4> — 22 — 2 and the scheme in blue is the tangent cone at origin.

A.7 Tor & flatness

Recall that Torf*(M, —) is the it"-left derived functor of N +— M ®r N. A module M is said to be
flat if the tensor functor N — M ®gr N is exact. Here are equivalent notions of flatness:

Theorem A.7.1. Let R be a ring and M be an R-module. Then the following are equivalent:
M is a flat R-module.
(M, N) =0 for alli > 1 and R-modules N.
Tor{%(M, N) =0 for all R-modules N.
Torf’(M, N) =0 for all finitely generated R-modules N .
Torf' (M, R/I) = 0 for every ideal I < R.
I ®r M — M 1s injective for every ideal I < R.
I ®r M — IM is an isomorphism for every ideal I < R.
My is a flat Ry-module for every p € Spec (R).

N

%NQW%‘\FCN

Some more properties of flat modules are as follows.

Theorem A.7.2. Let R be a ring and M be an R-module.
1. If M is projective, then M is flat.
2. If R is local and M is flat, then M is free.
3. If M is finitely generated, then M is projective if and only if M is flat.
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If M = &;M;, then M 1is flat if and only if M; are flat.

If S C R is a multiplicative set, then S™'A is flat.

If0—- M — M — M" — 0 is exact and M" is flat, then M is flat if and only if M’ is flat.
(Extension of scalars) If f : R — S is a ring homomorphism and M is flat, then M ®p S is
a flat S-module.

8. (Restriction of scalars for flat maps) If f : R — S is a flat ring homomorphism and N is a

flat S-module, then N is a flat R-module.

9. Rings R[x1,...,xyn] and R[[z1,...,x,]] are flat R-modules.
10. If R is a PID, then M is flat if and only if M is torsion free.

NS G

A.7.1 Flat maps

Recall that a map f : X — Y of schemes is said to be flat if for all x € X the comorphism
fg : Oy, (@) — Oxz is a flat map of rings. The following hypothesis is usually used with the flatness
of a map.

Definition A.7.3 (Relative dimension n). A map of schemes f : X — Y is said to have relative
dimension n if for all subvarieties V' C Y, the subscheme f~!(V') has pure dimension dimV + n,
that is, every irreducible component of f=(V) is of dimension dim V + n.

We mention here some nice properties of flat maps of schemes.

Theorem A.7.4 (Proposition I11.9.5, [Har77|). Let f : X — Y be a flat map of finite type schemes
over a field k. If Y is irreducible, then the following are equivalent:

1. For any irreducible component Z C X, we have dim Z = dimY + n.

2. For every point y € Y, every irreducible component X, has dimension n.

Theorem A.7.5 (Proposition I11.9.7, [Har77]). Let f : X — Y be a map of schemes where Y is a
reqular curve and X is reduced. Then the following are equivalent:

1. The map f is flat.

2. Every component of X maps dominantly to Y .

Proposition A.7.6 (EGA.IV.14.2). If f : X — Y s a flat map of finite type schemes where Y
1s irreducible and every irreducible component of X has dimension dimY + n, then f is relative of
dimension n and all base extensions of f are flat of dimension n.

Finite type flat maps are open.

Proposition A.7.7. Let f : X — Y be a finite type flat map of noetherian schemes. Then f is an
open map.

From the above result, one would expect that any open immersion is flat. It is indeed the case.
Lemma A.7.8. Let X be a scheme and i : U — X be an open immersion. Then i is flat.

Proof. Observe that the map on stalks is i, : O x.z — Oxuy for x € U is identity, which is flat. [
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A.8 Euler characteristic of modules

Serre in his book [Ser00| introduced the notion of Euler characteristic of two finitely generated
modules over a regular local ring of finite dimension. The main theorem for our purposes is the
following.

Theorem A.8.1 (Serre). Let X be an affine scheme and A be a reqular local ring of dimension n
obtained by localizing X at a regular point of X. Let M, N be two finitely generated A-modules such
that leng(M ®4 N) is finite. Let

X(M,N) = "(~1)"lens(Tor; (M, N))
>0

be the Fuler characteristic of M and N. Then,
1. The length of each tor module len(Tori (M, N)) is finite.
2. We have dim M + dim N < n.
3. The Euler characteristic x(M,N) > 0.
4. We have that x(M,N) =0 if and only if dim M 4+ dim N < n.

A.9 Cohen-Macaulay rings

Recall a noetherian local ring R is Cohen-Macaulay (or simply, CM), if depth(R) = dim(R), where
depth(R) is the m-depth. These rings are generalizations of regular local rings.

Theorem A.9.1 (Grothendieck). Let R be a regular local ring of dimension n and M, N be two
non-zero finitely generated R-modules. Denote

dror = max{i € N | Tor®(M, N) # 0}.
Ifleng(M ®p N) < 0o, then
dror = pd(M) + pd(N) — n.
This is used to prove the following important result.

Corollary A.9.2. Let R be a regular local ring of dimension n and M, N be two non-zero finitely
generated R-modules such that leng(M ®@p N) < oo. Then the following are equivalent:

1. Tor®(M,N) =0 for alli > 1.

2. M and N are Cohen-Macaulay and dim M + dim N = n.

A.10 Bundles

We study geometric vector bundles over varieties.

Definition A.10.1 (Geometric vector bundles). Let X be a scheme. A geometric vector
bundle of rank n over X is a map p: £ — X such that there is a cover U; of X and isomorphisms
i p Y (U;) — A} x U; such that

p U (U;) —2 Uy x AL

» /
1

Ui;
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commutes (i.e. ¢; is an U;-morphism) and for any open affine V' = Spec (A) C U;NUj, the composite
ATV X AP 2 pr (V) —Zs VAP = AT

is a linear isomorphism of A", i.e. ¢; o<pi_1 cAY — A7 s given by 6 1 Az, ... xn] = Alz, .. 2]
which is A-linear and 0(x;) = >_; a;;z; for some a;; € A.

Ifp: E— X and p/ : E/ — X are two vector bundles of rank n and m over X, then a
map of vector bundles is an X-morphism f : E — E’ such that if ¢ : p~}(U) — U x A} and
Y p Y U') — U’ x A} are local trivializations of E and E’, then the horizontal composite

UNU) x A} «2— p (U NU") —Ls p (U nU") —= (UNT) x AP

. . n m
is a linear map of affine spaces Af,; — Aff~.

A.11 Algebraic operations on vector bundles

Let k be a fixed base field, V be the category whose objects are geometric vector spaces, 1.e. obJects
are V := Spec (Sym(V*)) for every finite dimensional k-vector space V, and maps V — W are
linear isomorphisms on the underlying vector spaces f : V. — W (if exists) but seen as the map
induced from the linear map on coordinate rings f* : Sym(W*) — Sym(V*). Thus 'V is a groupoid
where each homset is either GL, (k) for some n or §. As GLy (k) is an open subscheme of A™ | thus
V is in particular a groupoid enriched over Schy.

Definition A.11.1 (Gluable functor). Let T : V** — V be a functor. We call T gluable if the
map induced on homsets

T : Homy (Vvlawl) X -+ x Homy (VkaWk’) — Homy (T(Via B '7Vk)7T(Wla .. 7W/€))

is a map of schemes, where we view Homy (V;, W;) as the scheme GL,, (k). This is equivalent to
saying that the functor 7': V** — 'V is an enriched functor over Sch k-

The goal of this note is to prove the following result.

Theorem A.11.2. Let T : V** =V be a gluable functor and X be a k-scheme. If py : Eq — X
are k-many vector bundles over X where rankFE, = ny, then there exists a vector bundlep : E — X
which is unique with respect to the property that for any common local trivialization U; C X of all
bundles E,, there is a trivialization

) LU x T(A™, ..., A")

of E such that for U; NUj, the composite

Ui N Uy x T(A™, ..., A"y 2y 5L (U, A U;) e U; AU x T(A™, ..., A™)
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given by qﬁj_l o ¢; is given as follows: for each o = 1,...,k and i, consider the local trivialization
h$ = Uy x A — pifl(Ui) of the bundle py : Eo — X, then the map qb;l o ¢; is given by the following
map

wij : U;NU;j x T(Anl,. . ,Ank) — U;NU;j x T(Anl,...,Ank)
(@,0) — (2,7 ((h},) " ohl,, ... (W) o bk, ) (v)).

The proof is essentially gluing of all of U; x T'(A™,... A").

Proof. Define the following quantities where {U; }ier is the cover of X by all common local trivial-
izations of each p,:

Xi = Ul X T(Anl,,Ank)
Xij:=U;NU; x T(A™, ..., A™) C X;

and define the gluing map
pij « Xij — Xji
(2,0) — (2,7 ((hj,) " o hl,,... (k) o hk,) (v).

We claim that the map ¢;; is an isomorphism of schemes. Indeed, by functoriality of 7', we need
only show that ¢;; is a map of schemes as then ¢j; is its inverse. To this end, observe that ¢;; is
obtained from the gluing maps of each bundle p,

g% :U;NUj = GLy, (k)

by composing it with T" as follows:

gij 1 UiNU; (95 GLy, (K) X + -+ x GLy, (k) — GLy (k)

where n = rankT'(A™, ..., A"). As by definition of gluable functors, the map T" above is a map of
schemes, hence the map ;; is a map of schemes, as required.
Next, we wish to show that ¢;; satisfies the cocycle condition, that is,

©jk © Yij = P on Xy N Xop.
Indeed, pick (z,v) € X;; N X;;. Then observe that
i © @i, v) = @i (2, T ((h )" o bl (W) o hE,) (v)
= (2,7 (k) o hjy 0 (hl,) " ohl o ()" o bl o (k)" o bk, ) (v))

= (2.7 (k) 0 iy, (BE )0 RE,) (v))
- Soik(x7 ’U),
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as required. Thus by gluing of schemes, we get a scheme E together with open embeddings ¢; : X; —
E and FE is unique w.r.t. the property that {¢;(X;)} covers E, ¢;(X;)N¢;(X;) = ¢:(Xij) = ¢5(Xji)
and the following triangle commutes

E
oo
Xij — X
We now wish to show that E is a vector bundle over X. To this end, we first show that there is a
canonical map p : E — X. Indeed, we have maps f; : X; — X given by (z,v) — x. We claim that
fi can be glued to X. For this, we would need to show that fi]XU = fj|in o ;j for all 4,5 € I.

Indeed, for (z,v) € X;j;, we have fi(z,v) =z = f;j(¢s(x,v)). Thus we get a unique map
f:E—>X

such that the following commutes for each ¢ € I:

X, =U; x T(Anl . Ank) —) qbl z

That is, f : E — X is locally trivial. Finally, the transitions of f : £ — X are linear as it is just
the map ¢;; which is linear by hypothesis on T". This completes the proof. O

Remark A.11.3. As an application of Theorem A.11.2, we have the following operations on vector
bundles €, F of ranks n and m over X:

1. € ® JF is a bundle of rank n + m over X whose fibers are isomorphic to A™ @& A™.

2. € ® ¥ is a bundle of rank nm over X whose fibers are isomorphic to A" @ A™.

3. Hom(E,TF) is a bundle of rank nm over X whose fibers are isomorphic to Homy (A", A™) of

all k-linear maps A" — A™.
4. SymF € is a bundle of rank "**~1C}, whose fibers are isomorphic to Sym* A™.
5. AFE€ is a bundle of rank "C}, whose fibers are isomorphic to AFA™.

Thus, we know now how to construct new vector bundles out of old.

A.11.1 Maps of vector bundles

We next wish to lay out a general procedure to construct maps between geometric vector bundles.
We first begin by the following criterion to detect isomorphism of bundles.

Lemma A.11.4. Let € = (E,p, X) and &' = (E',p’, X) be two bundles of rank n and m respectively
on a scheme X. Let f: & — &' be a map of bundles. Then the following are equivalent:

1. f is an isomorphism of bundles.

2. fv: Ex — E. is an isomorphism on fibers for all z € X.
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Proof. We need only show (2. = 1.). Let U C X be a common local trivialization of both £ and
&'. It is sufficient to show that the composite

Ux A" —=5 p~ ' (U) —Lo p~1(U) «Z— U x A"

is an isomorphism as then f will be an isomorphism on an open cover of FE’.

We may thus assume that & and &’ are trivial and hence obtain a fiberwise linear isomorphism
f: X x A" — X x A". This map is, however, obtained from the gluing map X — GL, (k). Thus
composing with the inverse map GL,, (k) — GL,(k), we get the gluing map for the inverse of f,
which shows that f is an isomorphism. O

The following shows when a vector bundle is trivial.

Lemma A.11.5. Let X be a scheme and p : E — X be a rank n vector bundle over X. Then the
following are equivalent:

1. p: E— X 1is trivial.

2. The corresponding O x -module of sections Iy, is free of rank n.

Proof. Follows immediately from the equivalence of locally free sheaves and vector bundles. O
Remark A.11.6. Next, suppose we have two bundles £ and &' of rank n and m on X. One can

construct a map & — J by first defining a map of bundles &€, — & where {U;} is a cover of X by
common local trivializations and then gluing these maps up.

Bundles over varieties are varieties again.

Lemma A.11.7. Let X be a k-variety. If p: Y — X is a vector bundle over X, then Y is a
k-variety.

Proof. As X is quasi-compact and if U = Spec (A) is a trivializing open affine of X, then p~1(U)
is isomorphic to U x A}', which is again quasi-compact, thus, Y is quasi-compact. Consequently, Y
is irreducible and of finite type over k. Clearly, fiber of Y at € X is A} which is reduced again.
Separatedness of Y is exhibited by the following fiber square

Y Ay« Y

L b

X e X x X
since Ax is a closed immersion and thus Ay is. O
Theorem A.11.8. Any finite rank vector bundle p : E — A} is trivial.

Proof. 1t is sufficient to show that any locally free O x-module J over A} is free. Note that I = M
where M is a R = Kk[x1,...,z,]-module. As JF is locally free of finite rank, therefore M is finitely
generated projective module over R by faithfully flat descent. By Quillen-Suslin theorem, M is free,
as required. O

This result is more elementary for vector bundles over All{.
Lemma A.11.9. Any vector bundle p : E — Af{ 18 trivial.

Proof. Indeed, any projective module over k[z] is free since k[z] is a PID. O
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A.12 Chern classes

A higher degree polynomial is usually difficult to understand. However we understand linear poly-
nomials very well. The topic of vector bundles is an implementation of the idea of linearization,
where we try to reduce the data in a high degree polynomial into a family of linear equations, family
being indexed by some base space. Characteristic classes can then be thought of as the numerical
invariants associated to vector bundles in order to distinguish them from one another.

We will work axiomatically, via the help of the following theorem.

Theorem A.12.1. Let X be a smooth quasi-projective variety. There exists a unique assignment
for each 1 <1

¢i : VB(X) — AY(X)
which maps € — ¢;(E) satisfying the following properties (we denote ¢(€) =1+ c1(E) +c2(E) +. ..
in the ring AY(X) which is a power series ring):
1. (Line bundles) If £ is a line bundle, then
c(L)=1+c1(L)
where ¢ (L) € AY(X) is obtained via the isomorphisms
Pic(X) — CaCl(X) — A(X).

2. (Degeneracy locus) Let s, ..., s.—; be global sections of & where r = rank€E. If the degeneracy
locus of their dependency

D =V(s0,...,8—i)

has codimension i, then

3. (Whitney’s formula) If
0-&E—-F—-G-0

is a short exact sequence of vector bundles over X, then

4. (Punctoriality) If ¢ : Y — X is a morphism of smooth quasi-projective varieties, then

¢ (c(€)) = c(p™E).
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