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UNIVERSAL PROPERTY OF K-THEORY AND
GROTHENDIECK-RIEMANN-ROCH THEOREM

LIANG TONGTONG

ABSTRACT. This is a survey on the Grothendieck-Riemann-Roch theorem.
The main reference is [Navi6]. The idea of this article is to show that K-
theory is the universal cohomology theory with multiplicative law x +y — xy,
then Grothendieck-Riemann-Roch theorem follows the result.
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1. INTRODUCTION

For any smooth projective variety X (or more general, a Noetherian, factorial
separated schemea), the Picard group of line bundles Pic(X) is isomorphic to the
Weil divisor class group CI(X) via the correspondence

where D is a Weil divisor. The inverse map

L= ﬁx(D)l—)D
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is called the first Chern class and we usually denote it ¢1(.%) = D. This corre-
spondence shows the connection between closed subvarieties of codimension 1 and
the line bundles.
Then Riemann-Roch theorem shows that for smooth projective curve C and
divisor D, we have
X(C,0c(D)) = x(C,0c) +deg D.

we may write it into a diagram

D—Oc (D)
CU(C) T—— Pic(C)

(1) degl lx

«
z -x(0c) z

Let K be the canonical divisor on C, we have degK = 2g — 2 = -2y (0¢) by Serre
duality and the Riemann-Roch theorem, then we may rewrite the diagram into

D—Oc (D)
CU(C) T—— Pic(C)

(2) degl lx

77— Z
-5 deg(K)

Note that deg : Cl(X) — Z is a group homomorphism clearly and the char-
acteristic is additive, namely, if there is a short exact sequence of quasi-coherent
sheaves

0— F1 — Fy — F3 — 0,

we have y (%) = x(F1) + x(F3). However, the diagram and are not good
diagrams, because

(1) x is not a group homomorphism.
(2) either —y(O¢) or —% deg(K) is not a natural map.

To make it more natural, we need to modify Pic(C), CI(C), c¢1, deg and y.

The first idea is to make the short exact sequences of vector bundles or quasi-
coherent sheaves into “addition”, and that is what exactly Grothendieck’s K-theory
K(X) (see section does. Then we also need to promote the concept of the class
group of Weil divisors, and the concept of Chow group CH*(X) (see [2.2)) is what
we need. Hence we expect to modify diagram and to make it like a diagram
of natural transformation and it is what the Grothendieck-Riemann-Roch theorem
says.

Theorem 1.1 (Grothendieck-Riemann-Roch). Let f: Y — X be a projective mor-
phism between smooth quasi-projective algebraic varieties and denote Tx and Ty
their tangent bundle, then we have a commutative diagram:

Ky) —L 5 k(x)
(3) Td(Ty)~chl le(Tx)fh
CH*(Y)®Q —L— CH*(X)®Q

Remark 1.2. Let Y be a smooth irreducible projective curve C over an algebraic
closed field k and X = Spec k, then the diagram implies the diagram .
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Further, the Grothendieck’s K-theory and the Chow ring have cohomological
behavior in some sense. To explain this phenomenon clearly, we give the formulation
of cohomology theory in section 2| and the definition refers to [Pan04].

In this article, we will show that Grothendieck’s K-theory is the universal coho-
mology theory where Chern classes of line bundles follows

4) c1(Z L) =c1(L)+c1(ZL) —c1(L)er1(L).

where the universal property means that for any cohomology theory A follows
, there is a unique morphism (a natural transformation with some additional
conditions) ¢: K — A between cohomology theories.

Assumption. All the field k& in this article are algebraically closed field. Varieties
means separated integral schemes of finite type over k. Subvarieties are always
closed and irreducible.

2. COHOMOLOGY THEORY

Definition 2.1. A cohomology theory is a contravariant functor A from the
category of smooth quasi-projective varieties over a perfect field k, denoted by
smQProj, to the category of commutative ring Cring with the following data:

(1) For each projective morphism f: Y — X, there is a functorial morphism
of A(X)-modules f.: A(Y) — A(X) called direct image. Namely, the
slant part means that id, = id and (fg). = f.g« and the projective formula
L (f*(x)y) = xfi(y) holds.

(2) For any smooth closed embedding of variety i: ¥ — X, the fundamental
class [Y]4:=i.(1) € A(X).

(3) For any line bundle L — X on X, the Chern class is c‘l“(L) = 55(504(1) €
A(X), where s¢: X — L is the zero section. (If one defines a line bundle .¥
as a coherent sheaf on X, then the total space is Spec(Sym® Z*)

The data satisfies the following axioms
(1) A(X1 1] X2) = A(X1) ® A(X2) naturally. Hence A(0) = 0.
(2) For any affine bundle P — X, the ring morphism A(X) — A(P) is an
isomorphism.
(3) For any smooth closed subvariety i: ¥ — X, we have an exact sequence

AY) — Ax) —L AX\Y)

(4) If a morphism f: X — X is transversal to a smooth closed subvariety
i:Y — X of codimension d ( that is to say f1(Y) =0 or ¥ = f1(Y) is a
smooth subvariety of X of codimension d such that the natural morphism
f* My x — Ay ,x is an isomorphism), then the following diagram commutes

AY) L A®D)

| I

AX) L5 AX)
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(5) Let m: P(E) — X be a projective bundle. For any morphism f: ¥ — X, the
following diagram commutes

AP(E)) - A®(FE))

L

AX) —— A)
(6) Let m: P(E) — X be the projective bundle associated to a vector bundle
E — X of rank r+1 and £ — P(FE) be the tautological line bundle. Consider
the structure of A(X)-module in A(P(E)) defined by the ring morphism
7% A(X) - A(P(E)), and put xg = c{‘(gE), then 1,xg,...,x} defined a
basis
AP(E) =AX) 2 AX)xg @ - ® A(X)x}
Given cohomology theories A and A on smooth quasi-projective varieties over
k, a morphism of cohomology theories ¢: A — A is a natural transformation
preserving the direct images. Namely, for any morphism f : Y — X and any

a € A(X), we have ¢(f*(a)) = f*(¢(a))

Remark 2.2. A cohomology theory is determined by the contravariant functor and
the direct image, because all the data in the definition is determined by them.
a. Given a line bundle L — X and a morphism f : Y — X, the induced
morphism f xi: f*L =Y xx L — X Xx L = L is transversal to the zero
section so: X — L. Hence according to Axiom (4), we have

Fsis0n(1) = S50f X 1)"50.(1) = 5550 (1)

where 5y is the zero section Y — Y Xy L. Hence we conclude that Chern
classes are functorial

c1(f*L) = frei(L)
b. Let Ly — X be the line bundle defined by a smooth closed hypersurface
i:Y — X i.e. the dual of the ideal sheaf associated to i(Y) in X. It admits

a section X — Ly vanishing just on Y and transversal to the zero section
so: X — Ly. Hence

(5) c1(Ly) = s"(s0+(1)) —i.(i"(1)) = in(1) = [Y] € A(X)
In particular, if £ — P9 is the tautological line bundle of the projective

space of dimension d, the Chern class of the dual bundle &} is just the
fundamental class of an hyperplane, c1(£)) = [P4-1].

In general, L, will denote a line bundle with the first Chern class ¢1(Ly) = x €
A(X), and we say that a cohomology follows the additive group law x + y when
c’f(Lx ® Ly) = x +y, that it follows the multiplicative group law x +y — xy when
c‘?(Lx ®Ly) =x+y—xy, and so on.

2.1. Example: K-theory. Let X be a Noetherian scheme. Let G(X) be the
free abelian group generated by all the coherent sheaves on X. Let G’(X) be the
subgroup of G(X) generated by the elements of the form [.#] — [ %3] — [%3] where
there is an exact sequence

0 — F — F — F3 —0
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Let K'(X) = G(X)/G’(X) and we call it Grothendieck K-group. We have a
subgroup K(X) € K’(X) by requiring all the elements in K(X) can be represented
by locally free sheaves.

Theorem 2.3. If X is reqular, then K(X) = K'(X)
Proof. See [Fal92]. m]

Hence when X is regular or smooth over a perfect field k, we define the multi-
plication by

[E]-[F]=[E®F]

where E,F are vector bundles on X. Equivalently, in the context of coherent
sheaves,

[E]- [F] = ) (-)'[Tor{*(E, F)]
i=0
For any morphism f:Y — X, the pull-back is defined by

[IEl=[f"E]

where E is a vector bundle on X and f*E = E xXx Y.
In this way K: X — K(X) is a contravariant functor from smQProj; to Cring.
Then we define the direct image by f.[E] = [f+E] for any projective morphism
f:Y — X and E is a vector bundle on Y. Since every projective morphism is
proper, the projective formula is true:

LIE® fPE] = fi[E] - [F]

We claim that in this way, K : smQProj, — Cring is a cohomology theory defined
before. The proof of the claim can be found in [Fal92].

Note that we define the direct image in the context of K(X) and the notation is
i, and i*. When it comes to K’, for f: Y — X and any coherent sheaf . on Y, the
directed image of .F via f is

(6) D DR (T
Warning: it is not f..% simply!. To avoid the abuse of notation, we let
i(F) = ) (D[R £.F]

be the direct image in the context of K’ and it coincides with the direct image
defined in K.
According to and (@, the Chern class of a line bundle L — X is

cK(L) = si(so(1)) =1 - L* € K(X)
Note that
1-(LeL)*=1-L»+(1-L"-(1-L"(1-L"

so that
F (L®L) =cf (L) +cf (L) - cf (L)ct (L)

which means that K-theory follows the multiplicative group law.
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2.2. Example: Chow ring.

Definition 2.4. Let X be a Noetherian normal scheme. The group of n-cycles,
denoted by Z,(X), is the free abelian group generated by the n-dimensional irre-
ducible subvarieties of X. For each n-dimensional subvariety V C X, we denote by
[V] the corresponding element of Z,(X). A n-cycle @ is an element in Z,(X), and
an algebraic cycle @ on X is an element of abelian group @,Z, (X).

Definition 2.5. An algebraic cycle @ on X is rationally equivalent to zero,
written as a ~ 0, if there are irreducible subvarieties Vi,...,V,, of X and a rational
function f; on each V; such that

a= i div(f;)
i=1

where div( f;) is a Weil divisor on X and is a Z-linear combination of codimension
1 irreducible closed subsets of V; (at the same time, they are irreducible subvarities
of X as well).

Remark 2.6. Algebraic cycles that are rationally equivalent 0 forms a group clearly
and we denote the subgroup of k-cycles that are rationally equivalent to 0 by By (X).

Definition 2.7 (Chow group). The Chow group of k-cycles on X, denoted by
Au(X), is

An(X) = Z,(X)/Bn(X)
The direct sum

AX) = P an(%)
is called the Chow group of X.

Next we show the relation between Chow groups and class groups:

Example 2.8. If X is a Noetherian normal k-variety and dim(X) = n, then A,_; =
CI(X).

Actually, Chow groups is an analogy to singular homology groups in algebraic
topology. Informally, we may compare a k-cycle on a scheme X with a k-simplex in
a manifold (or generally, topological space) M. However, the given Deﬁnitionof
rational equivalence is quit strange if we consider it in algebraic topology. Now we
given an equivalent definition of rational equivalence, which makes us think about
more algebraic topology.

Definition 2.9. A cycle a € Z;(X) is rationally equivalent to zero iff there exists
k +1 dimensional irreducible varieties Wy, . .., W,, of X xP! such that the projective
maps p;: W; — P! are dominant and

a=>"(pi'(0) - p; (o)
i=1
where p;1(0) and p;*(eo) are scheme-theoretic fiber; 0= [0: 1] € P* and oo = [1 :
0] e PL.
The proof of the equivalence between Definition 2.5 and Definition [2.9] is in
[Ful9s],1.6.



UNIVERSAL PROPERTY OF K-THEORY AND GROTHENDIECK-RIEMANN-ROCH THEOREM

Remark 2.10. Informally speaking, we may view it as a kind of homotopy parametrized
by the projective line (in classical algebraic geometry, homotopy is parametrized by
the real line R). Specifically, given two k-dimensional irreducible subvarieties Vy, V1
of X, we say [Vy] is rational equivalent to [V;], denoted by Vy ~ Vy if [Vp]—[V1] ~ O,
and according to Definition Vo ~ V1 if and only if there is a k + 1-irreducible
subvariety W of X x P! such that V; is the fiber of 0 under the projection to P!
and V; is the fiber of co. In this setup, we may regard W as a kind of homotopy
cylinder” between Vy and V;.

Next we need to define multiplication law on Chow groups to make it into a
commutative ring. The construction of the multiplication is a non-trivial result
given by Chow.

Theorem 2.11 (Chow’s moving lemma). Given two algebraic cycles Y,Z on X €
smQProj, there exists an algebraic cycle Z' rational equivalent to Z such that Z’
and Y intersect properly, namely, transversally.

Theorem 2.12. If X is a smooth quasi-projective variety, then there is a unique
product structure on A(X) satisfying the condition:
If subvarieties A, B of X are generically transversal the

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

This structure makes A(X) into an associative, commutative ring graded by codi-
mension.

This theorem gives the definition the multiplicative law in Chow group, so that
we called then Chow ring. The proof of these two theorem can by found in [Eis16].

Notation: R(X) denote the function field of X € smQProj,.

Now we define the direct image for proper morphisms(including projective mor-
phisms) before defining the pull-back of Chow rings. Suppose f: Y — X is a
proper morphism, V is a subvariety of ¥ and let W = f(V) a closed subvariety of
X. Note that R(W) < R(V) is a field extension induced by f. If dimV = dim W,
this extension is a finite extension, then we define deg(V/W) = [R(V) : R(W)] if
dimV = dim W, and deg(V/W) = 0 otherwise. Then the direct image f, is defined
by

£[V] = deg(V/W)[W]
(this is well-defined and the details of the proof can be found in [Ful98])

Definition 2.13 (Pull-back of Chow ring). Suppose f:Y — X is any morphism
in smQProj,, and V C X is a subvariety, then we define the pull-back by

[Vl =pry.[Y x Z] - [I'f]
where I's is the graph of f and pry is the natural projection ¥ x X — Y.

More details can be found in [Murl4].
Further, Chow ring forms a cohomology theory in this way, the proof can be
found in [Fal92], [Ful9g], [Eis16].

3. CHERN CLASSES

Definition 3.1. Let E — X be a vector bundle of rank r. we define the Chern
classes ¢ (E) € A(X) of E to be the coefficients of the characteristic polynomial
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c(E) =x" - c‘l“(E)xr_1 + -+ (=1)"cA(E) of the endomorphism of the free A(X)-
module A(P(E)) defined by the multiplication by xg = c‘{‘(fE)7

X = MEWT 4+ (1) A (E) =0
and we write ¢, (E) when the cohomology theory is clear.
This definition is due to Grothendieck.

Theorem 3.2. For any morphism f: Y — X, we have ¢,(fE) = f*(cy(E)).
Namely, Chern classes are functorial.

Proof. Any morphism f:Y — X induces a morphism f: P(f*E) — P(E) such that
[ ée =&p+g. Hence f"(xg) = xyp«g. We apply f* to the polynomial and we have

¥ = (P (ENXL 4 oe+ (1) e (B) = 0
and ¢, (f*E) = f*cu(E). O

Theorem 3.3 (Splitting principle). There exists a base change w: X' — X such
that n*E admits a filtration 0 = Eg C E1 -+ C E, = n*(E) whose quotients E;[E;_1,
fori=1,...,r, are line bundles, and n*: A(X) — A(X) is injective.

Proof. In P(E), we have an exact sequence
0—¢ég —nmTE—Q—0

where Q is given by the cokernel and is of rank r — 1. According to Axiom 6, 7* is
injective. Then we may proceed by induction to prove splitting principle. O

Theorem 3.4. Chern classes are additive. Namely c(E) = c(E1)c(E2) for any
exact sequence

0—FE —E—DEy,—0

of vector bundles, then
cn(E) = Y ci(Er)e;(Ea)
i+j=n

forn,i,j eN.

Proof. First, we may assume E7 is a line bundle. Then the induced map i: X =
P(E1) — P(E) is a section of P(E) — X, so that i, is injective.

Let U = P(E) \ P(E1) and j: U — P(E) be the open embedding. Note that
the restriction morphism p: U — P(E3) exhibit U as an affine bundle on P(E5)
because the fiber is P(E1) \ {*} and j*ég = p*¢E,, so that j*(x}) = p*(x’éz). Hence
J¥i A(1) = A(U) = A(P(E>)) is surjective (by Axiom (2) and Axiom (6)). Then by
Axiom (3), we have the following commutative diagram of exact sequence

0 — A(B(Ey)) —3 AP(E)) — A(P(E2)) — 0
0 — A(B(E))) —3 AP(E)) — A(P(E2)) — 0

Thus c(E) = ¢(E1)c(E2) by basic fact in linear algebra.
In general case, we may do induction by splitting principle on the rank of E;.
We may assume we have a line bundle L ¢ E; such that E; = E;/L and E = E/L
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are vector bundles, so that we have an exact sequence 0 — E; — E — E5 — 0
and by the inductive hypothesis

c¢(E) = c(L)c(E) = c(L)c(E1)e(E2) = c(E1)c(E>2)
[m}

By this theorem, we have an additive function with values in the multiplicative
group of invertible formal series with coefficients in A(X) for some cohomology
theory A.

[ KX) — AX)|[]]
E +— 1+cME)t+-+c2E)N +---
In this way, we obtain n-th Chern class c4: K(X) — A(X).

3.1. Chern roots. Given a vector bundle E — X, by splitting principle, there is
a base change 7: X’ — X such that 7"E = Ly, +- -+ L, in K(X’) and 7*: A(X) —
A(X’) is injective. Note that cf(L(,n) =, and c(L,,) = x — an, then by the above
theorem, we have

c(T"E)=(t—-ay1)...(t—a,)

we may call @1,...,@, Chern roots of E and ¢, (E) is the n-th elementary sym-
metric function of the roots aq,...,a,,
cn(E) = Z ...,
11 <-+-<ip

For example, if we take A to be K-theory. Recall that the first Chern class of L
is 1 — L*. Hence the first Chern class of vector bundle of rank r is

(7) t(B)=(1=Ly)+-+(1=Ly)=r—E

and

Cf(E):(1—L’;1).....(I_L’;r):z(_l)i/l\E*

Corollary 3.1. The cohomology ring of the projective space P4 is
A®Y) = A(p) [x]/[x*'] = A(pn) Y]/ [y**]
where x4 corresponds to c1(4) and y corresponds to yq = c1(&);) = [P4—1]

Proof. The projective space P? is the projective bundle of trivial bundle of rank
d +1 on a singe point pt. Hence the first identity is indeed true.

Note that in P!, we have exact sequence 0 — &, — 1®1 — &, where 1@ 1
is a trivial bundle of rank 2 on P!. Clearly, y; = —x;. Now consider an embedding
of projective line i: P! - IP’d7 we must have yg = —xg + agx?i +-e 4 adxd7 since the
first Chern class is functorial and i*¢; = &1, then i*(xg4) = x1, i*(yq) = y1. Hence
Lyg.....y4 is a basis of A(P9). o

Corollary 3.2. Chern classes are always nilpotent.

Proof. We just need to check the case of line invertible bundles, because all the
Chern classes come from Chern roots.

Suppose L — X is a line bundle, then we apply Jouanolou’s trick (see Appendix
on it so that there is an affine bundle p: P — X such that P is an affine variety.
Thus p*L is a line bundle on an affine variety and then is globally generated (very
ample). Hence p*L = f*(¢}) for some f: P — P4. Tt follows that p*ci(L) = f*(yq).
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Since yg is nilpotent, p*ci(L) is nilpotent. Since p* is an isomorphism, ci(L) is
nilpotent. O

4. UNIVERSAL PROPERTY OF THE K-THEORY

Theorem 4.1. If a cohomology theory A follows the group law x +y — xy of the
K-theory, there is a unique morphism of cohomology theories ¢: K — A.

Proof. Let E — X be a vector bundle on X, according to 7 we have E =rk(E) —
cf (E*); hence the unique possible morphism ¢: K — A is

¢(E):=1k(E) - c¢{(E")

because the first Chern class is functorial. We need to show that such ¢ is indeed
a morphism between cohomology theories.

Now, we check it is a functor. Given X € smQProj,, we need to show that
¢: K(X) — A(X) is a ring homomorphism. Since Chern classes are additive
(recall Theorem , it is an abelian group homomorphism clearly. To show ¢
is compatible with multiplication, it suffices to check ¢ preserves products of line
bundles due to splitting principle. Since A follows the group law x +y — xy,

@(L1® Lo) =1 — (L} ® L})
=1 = (P (L}) + e (L5) = e (L)ef (L))
=(1—-cf (L)1 = e (L3)
=p(L1)¢(L2)

It remains to show ¢ preserves direct images.
Note that ¢ preserves Chern classes of line bundles

P(eK (L) =p(1-L) =1-p(L") =1~ (1-c{ (L)) = cf(L)

to finish the proof, we need Panin’s lemma. O
4.1. Panin’s lemma.

Lemma 4.2 (Panin’s Lemma). Let A and A be two cohomology theories on smQProj .
If a natural transformation ¢: A — A preserves the first Chern class of the dual
of the tautological line bundles &g — P4 i.e. ga(c’l‘\(fd)) = c’l“(fd), then it preserves
direct images:

(8) ¢(fi(a) = fi(p(a))
for any projective morphism f:Y — X, and any a € A(Y).

Proof. Let f:Y — X be a projective morphism, then f is factored through i: Y <
P? x X and prx:P? x X — X, where i is a closed embedding and pr is the natural
projection. It suffices to prove the case where f is a closed embedding or a natural
projection x : P* X X — X.

To prove the lemma, we will use the technique of deformation to the normal cone
in Section

Step 1: If holds for the zero section so: Y —» N = P(CyX @ 1), the
projective closure of the normal cone (note that in smooth case, the
normal cone is the same as the normal bundle .4y,x), then it also holds
for closed immersion i: Y — X.
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Proof. Let D’ be the blow-up of XxA! along ¥ x{0}, so that we have a commutative
diagram
Y —F s Dl=x — 1
[ [ [
Y XAl e— 3 D L s Al
q I |
Y < D/ = (N UBIyX) — {0}
Let U =D’ - (Y x Al). By Axiom (4), we have a commutative diagram

A(U)
T

A(N) «—— A(D")

EO*T TZ*

A(Y) ¢=— A(Y x Al))
because N and ¥ x A! intersect transversally on ¥ x {0} = ¥ (their normal bundles
are trivial bundles of rank 1). Note that 57 is injective because it is a section. Since
right column of the diagram is an exact sequence, if x € ker(j*) Nker(i;) ¢ A(D’),
then there exists y € A(Y X A') such that x = 7*(y). Further, 0 =i} (x) =i} o T*(y) =

55 0i5(y), then y =0, so is x = 0. Thus, we have ker(j*) Nker(if) = 0.
Next, we consider another commutative diagram

A(U)

-
AN) +—2— A(D") —1—5 A(X)
o Tl
A(Y) 2 Ay x A1) —y A(Y)
where W1 = 5g. 09— @posgs, Yo =thop—¢or, and W3 =i, 09— ¢oi,. The morphism
¥, is zero by the assumption and so is W5 because
igoWy=ijo(liop—gpou)
=(ng0[*)090—1750¢0¢*
=(ip o L) 0 ¢ — (i 0 ot)
~(50s 075) 0 ¢ — p(502 0 13
=(50+ 0 p 0 i) — (S0 0 i)
=¥, 0§ =0,
J¥ oWy =0 and ker(j*) Nker(iy) = 0. Then, W3 =i, 0@ —¢oi, =0 due to the

commutative diagram. O

Step 2: The fundamental class of a hypersurface of an X € smQProj; is
preserved by .
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Proof. Let Y be a hypersurface a such X. Then by Jouanolou’s trick, there is an
affine bundle 7: A — X such that A is affine and 771(Y) is a hypersurface of A.
There is an embedding f: A — P" and a hypersurface P"~! corresponds to &,
such that f~1(P" 1) = 7~1(Y). Suppose L is the line bundle corresponding to the
hypersurface Y in A, then 7*L is the line bundle corresponding to the hypersurface
a7 1(Y). Hence n*L = f*¢&,. Since the first Chern class is functorial and ¢ preserves
the first Chern class of &,, ¢ also preserves the first Chern class of L. According
Remark the first Chern class of L is exactly [Y]4, hence ¢([Y]4) = [Y]4. O

Step 3: Equation holds for the zero section so:Y — E =P(E ® 1) of
the projective closure of any vector bundle £ — Y.

Proof. When E = L is a line bundle, note that the zero section exhibits ¥ as a
hypersurface of L, then ¢(so.(1)) = 50.(1). Since s¢ is a section, s5h A(L - A(Y)
is surjective. For any a € A(Y), there exists b € A(L) such that a = s(b), then by
projective formula

@(s0:(a)) = @(50:(50(b))) = (bs0:(1)) = @(b)S0: (1) = 50.(55(¢(b))) = S0+ (¢(a))

For general case, we apply splitting principle again, so that we may assume
the vector_bundle E admits a filtration {E;} such that E;/E; are line bundles.
Equation I holds for the zero section ¥ < E1 and E — El+1, hence it holds for
the composition s: Y — E. O

Step 4: Equation holds for the canonical projection pry: P"xX — X.

Proof. By Axiom (5), we just need to check the case where p: P" — {pt}. Now we
set

A=A(pt), x,= cA(fZ) =i.(1) € A(P"),

A=A(pt), Xn=ci(&)=0(1) € A(P").
According to the hypothesis, we have ¢(x,) = X,, hence the homomorphism ¢ :
A(P") — A(P") induces an isomorphism of A-algebras A(P") @4 A = A(P").
We just need to check that the A-linear map p.: A(P*) — A is obtained by
base change of the A-linear map p.: A(P") — A. Namely, the following diagram
commutes

AP —£ AP

P*l li*
A—2 4
Let A, = A(1) € A(P" xP") = A(P") ®4 A(P") be the fundamental class of the
diagonal closed immersion A : P* — P" x P". Then we have

(P« X 1)(Ap) = (px x 1) 0 A(1) =idu(1) =1 € A(P")

where p X 1: P* X P" — P" is the projection of the second component. Note that
p« € A(P")*, the dual of A(P") and p. is mapped to the unity by means of the
following map
[ AR — AP
w — (w8 1)(An)

Since we have shown that closed immersions are preserved by ¢, such f is stable
under ¢. Namely p, is mapped to the identity by f. To show that p is preserved
under ¢, we just need to show that p. is fully determined by f, which means the
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value of (w ® 1)(A,) fully determines the ring homomorphism (w ® 1). We claim
that A, is invertible in A(P") ®4 A(P"). To prove the claim, we may write the
elements in A(P") ®4 A(P") in the form of (n+ 1) X (n+ 1) matrices by

n apr -+ don
r s _
Z ArsX, @ X, ~ (ars) =
r.s=0 apo " Qnn

We may write an element in w € A(P")* by an 1 X (n + 1) matrix

w~[a)0 wn]
which means x}, = w,, and
apr -+ aon| [xy
(we1)(Ay) = [wo -+ w
ano -+ ann| |Xp

To show p. is fully determined by f, we just need to prove the corresponding matrix
of A, is non-singular. We will prove this assertion in the next step. O

Step 5: The matrix A, € A(P")®4 A(P") of the diagonal is non-singular.

Proof. By induction on n, we prove that

0 0 1
1 [ ]
Ay = Z arsx; ®xi = (arx) =
r,s=0 0
1 Y e °

where a,¢ =0 when r +s < n, and a,; =1 when r + s = n. By projective formula,
() = 0" () = ), - (1) =
where i: P"1 — P", and
i"(xn) =i*(c1(&,) = c1("E,) = c1(&§,21) =xn1

Then we consider the following commutative diagram

P" ¢ i S5 Pn—l
1
A Pn—l X Pn—l

llxi
P" x P ¢ prl i pr
then by Axiom (4), we have

A(P") . > AP
s
A. AP x Pl

\lei*

AP x Py — XLy A (prl x pr)
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In particular, (1xi,) oA, 0i*(1) = (i*X1)0A,(1). Let A1 = X Lo al (xh_ @x5_)).
Note that

n-1 n-1
(Ixin) oA, 0i"(1) = (1xi) (A1) = (IXi)( D] afoxh  @x5 1) = Y al i @x;"
r,s=0 r,s=0

n n
(*x 1o A (1) = (" x1)(Ay) = ("X () arp@xi) = > arxy_, ®x,
r,s=0 r,s=0
then we have ;”}1:0 apoxn_ @x5t = Y o arex!,_; ® x5, which implies a4
Hence, by the inductive hypothesis, for s > 0, a,s = 1, when r +s = n and a,; =0,
when r+s < n.

Similarly, when we consider the diagram,

=dys.

P" ( i 5 Pn—l
1
A ]P;n—l X Pn—l

\Lixl
P x P ¢ Pl i P
and by the symmetry of r and s, we have for r > 0, a,gy = 1, when r +s = n and
ars =0, when r +s < n. ]

Combine these steps, we finish the proof of Panin’s lemma. O

4.2. Compute possible direct images of a cohomology theory. Notation:
Given a formal series F(t) € A(pt)[[t]], if @1,...,a, are Chern roots of a vector
bundle E, then the additive extension is

F.(E) =F(a1) +---+ F(an)
the multiplicative extension is
F(E) = F(a1) ... F(an)

Since both F, and Fx are invariant under any permutation of the Chern roots, hence
they power series in the elementary symmetric functions of Chern roots, which are
just the Chern classes of E.

Theorem 4.3. Let A be a contravariant functor from smQProj, to Cring, f. be a
class of direct images such that (A, fi) is a cohomology theory(its Chern classes are
denoted by ¢1), and ' be another class of direct images for A such that (A, fI'**)
is another cohomology theory(its Chern classes are denoted by c|¢"). For any
projective morphism f:Y — X, denote Ty :=Ty — f*Tx € K(Y) the virtual relative
tangent bundle. Then there exists an invertible formal series F(t) € A(py)[[t]]
such that
fI (@) = fu(Fx(Tp) ™ - a).

Moreover, every invertible series defines new direct images in this way.
Proof. According to Corollary
AP = A(pt)[e1(€a)]/ (cr1(Ea)™h) = Ap) [} (€)1 (cF (£a)™™).

Suppose
IV (€a) = bo+ b1~ c1(€a) +- -+ ba - c1(éa),
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and similarly,

Y (Eqrr) = by + b7 - c1(Eaqan) + -+ bl - c1(Ear) ™,
and let i: P4 < P9*! be the closed embedding of hyperplane, then

e (Ear) = (T Eqn) = 19 (€a) =bo+ Dby ci(éa) +- -+ bg - c1(éq) =

hence

bo+by-ci(éa)+-+ba-ci(éa)? = by +b7 - c1(an) +- +bl, c1(€aen)?
Hence b; = b} for (i < d +1). In this way, we may construct a series f(r) =
bo+bit+bst? + ..., such that

1" (&n) = f(c1(én)),

for all n € N.

For d = 0, PY = pt, hence by = 0. For d = 1, consider the closed embedding
i: pt — P! and the open complement P!\ pt = Al < P!. Then by the Axiom (3),
we have

inew

A(pr) =AY —L Acab),

A(p) —5 AP — Acal),
Then ker j* = A(pt)ci(€1) = A(pt)c ¢V (é1). Hence c1(&1) = bic{" (£1) for some
invertible element b, € A(pt). Now we set F(t) = by + bot + ..., and note that

(9) 1" (€a) = c1(éa)F(c1(€a))-

For any projective morphism f : ¥ — X, consider the map f*(FX(Tf)‘lo) :
A(Y) = A(X). The pair (A, f.(Fx(Tf) 'e)) is indeed a cohomology theory. The
Axioms except Axiom (6) are easy to check. Now we check it for Axiom (6). Let
x =xg € A(P(E)), and y = x" = xF(x) = bix +---+. Note that the powers of x
forms a basis of free module A(P(E)) and the powers of y also form a basis of free
module A(P(E)) clearly.

Now we compute the fundamental classes in (A, f.(Fx(Tf) 'e)): for a closed
embedding i: ¥ — X:

i (Fx(Myyx) - 1) = i((Fx (i Ay x)) = Fx(Ly)i.(1) = [Y] - F([Y])
where Ly is the sheaf defined by the hypersurface in Remark Equation ().

Therefore the first Chern class of line bundle L is 5§50« (Fx (sgL)-1) = ¢1(L)F(c1(L)).

Consider the identity natural transformation A — A and by Panin’s lemma, it
gives an isomorphism between cohomology theories (A, f") — (A, f.(Fx(Tf) '),
and we have f1'*" = f,(Fx(Ty) 'e).

Conversely, we can define a new class of direct images in this way for any invert-
ible formal series. O

4.3. Grothendieck-Riemann-Roch. Let A be a cohomology theory following
the additive law, we need to modify it such that it is turned to be a cohomology
theory following the multiplicative group law.

The ideal is to consider A ® Q, because we may modify the direct image of AQQ
with an exponential so that the new theory follows the multiplicative law. Note
that exponential is a formal series with coefficients in Q.

Since e’ = (1 - (1 — e%")), we must fix a formal series F(¢) such that

(L) =1—e"*
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(Recall Theorem [4.3). Then according to equation |§|7 we have
1-e* =xF(x)

Now 1 —e% = —at +---, so we may fix a = —1. To transform the additive law of
A ® Q into a multiplicative law, we modify it with the formal series
1-e! t 1
F(t)Z =1—§+5+"'

via Theorem so that the new cohomology theory A" = (A ® Q, fI**") follows
the multiplicative law x+y —xy. By the universal property of K-theory, there exists
a unique morphism of cohomology theories

ch:K—>A®Q
by
ch(Ly) =1—-c1"(LY) =1-c1"(Ly)=1-(1-¢")=¢"
If we consider the multiplicative extension T'd of the series
t 2

t
F(n)™= =ld—F——— -,
@) 1-et 2 12 720

which is usually called Todd class, then we obtain

Theorem 4.4 (Grothendieck-Riemann-Roch). Let A be a cohomology theory fol-
lowing the additive law. For any projective morphism f : Y — X, we have the
following commutative square.

K@) —1 5 k(x)

Td(Ty)~chl le(Tx)w'h

AY)®Q —L5 A(X)®Q

Proof. Since ch: K — A&ew preserves direct images,

(10) ch(fi(y)) =£1" (ch(y)) = f:[F(f*Tx = Ty)ch(y)]
(11) =F(Tx) f.[F (Ty) " ch(y)]
(12) =Td(Tx) ™" f.[Td(Ty)ch(y)]
O
For a vector bundle E with Chern roots a1, ..., a,, we have

1 1

ch(E) = Zi:e"" =r+c+ 5((3? —2c9) + é(ci’ —3cica+3c3) + -
. a? 1 1 1
Td(E) = U(l+%+1—’2+m) :1+§c1+ﬁ(c§+c2)+ﬁc1c2+~-
Note that Qx is the dual bundle of Tx and ¢1(Qx) is the canonical divisor on
X, denoted by K usually. We let X = pt = Speck and Y = C, where C is a smooth
irreducible projective curve over k, and let 7: C — pt be the structure map. Then
we have

X(C,E) = m(E) = n.(Td(Tc) - ch(E)) = deg ey (E) - 5 deg K
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If we take E = O, then we have
1
x(C,0x)=1-g= -3 deg K

namely deg K = 2g — 2.
If we take E = Ox (D) for divisor D, then we have

1
x(C,0x(D))=degD — §degK=degD+1—g.

5. APPENDIX: JOUANOLOU’S TRICK
The main reference of this appendix is [Aso09].

Theorem 5.1 (Jouanolou). Given a quasi-projective variety X over a k, there
exists a pair (X, n), where X is an affine scheme, smooth over k, and n: X — X is
a Zariski locally trivial smooth morphism with fibers isomorphic to affine spaces.

Let Qam-1 denote the closed subscheme of A?™ (with coordinate x1, ..., xa,) cut
by the equations
inxd+i =1
i
Lemma 5.2. For anym > 1, the projection onto x1, ..., X, determines a morphism
¢: Qom-1 — A™ \O

is Zariski locally trivial with fibers isomorphic to A™~1. In particular, when m =1,
it is an isomorphism.

Proof. We have an affine open cover {D(x;)}!" of A™ \ 0. For each D(x;) =
Speck[x1,...,Xn]x;,

‘p_l(D(xi)) = Spec (k[xh cesXms Xmtls - - - 7x2m]/zxixm+i - l)x_,-

We can write the R.H.S into

Speck[X1, -+, X Xonat -« Xom Ly / Comej = X7 (14 D Xidtmsi)
i+j

More concisely, it is

Speck[X1, .. s Xms -+ s Xmajs - s X2m]x;
where
kX1, ooy Xmy ooy Xmajs - oo Xomla; = kX1, .00, Xm]x; ®k k[Xma1s -+ s Ximajs -+ o Xom]
which is what we need. m]

The construction of Qs,,—1 help us to construct an affine bundle that is affine on
any open subset of A”.

Proposition 5.1. Suppose Z c A" is a closed subscheme cut by fi,..., fa. Con-
sider the morphism A" — A% defined by the functions fi,..., f4. Defined a mor-
phism

F:U=A"\Z— A%\ 0
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via f1,..., fa. Then the fiber product U:=D Xpd\gQ2d-1 via F and ¢ is isomorphic
to the closed subscheme of A" X Al (with coordinate yi,...,VYn,X1,...,Xq) cut by
the equation

inﬁ(}’h-u»Yn)

1

and s in particular affine. Moreover, the projection m: U — U induced by the pull-
back is a Zariski locally trivial with fibers isomorphic to A?~Y, and is in particular
smooth.

Proof. Note that F is an affine morphism, since F~'(D(x;) = D(f;) for each j.
According to the definition of fiber products, we have

(13) 7 ' (D(f) =D(f) Xp(xy ¢ (D(x2))
(14) =Speck[y1, ..., ynlf ®klxr..cxaly, KlX15- - ,x2d]xj/inxd+i -1

where k[y1,...,ynlf is @ k[x1,...,x4]y; via F : x; = fi. By some simple algebraic
cancellation (replace x; by f;), it is

SpeCk[)’I"~-»Yn,fl"~-»fd,xd+1’-~ax2d]fj/2fixd+i - 1
i

More concisely

Speck[y1,- s Yn>Xd+1s- - ,xw]f,/Z fixawi — 1
i

and there is no harm to replace x44; by x; as coordinate.

In this way, U — Qs4-1 is an affine morphism (note that affine morphisms are
preserved by base change) and in particular, U is affine. Moreover, it is indeed the
closed in A9 x A" cut by ¥, x; f; — 1 and it is a Zariski locally trivial fibration with
fiber isomorphic to A" x A4t ]

Now we have shown that for any open set of A", we can find such affine bundle in
Jouanolou’s lemma. For any locally closed subscheme of A" or quasi-affine variety,
it is still true.

Let V be a finite dimensional k-vector space with basis vi,...,v, and V¥ be
its dual space. Let v: V X VY — k denote the map of the valuation map. Let
P(V) = Proj Sym® V¥ and note that Sym® VY = k[x1,...,x,], where x; are the dual
basis of vi,...,v,. Then we consider the hypersurface H of P(V) x P(VY) cut by
the map v. (Note that a point in P(V) is a subspace of V of dimension 1, hence

H={[v]x[x] e P(V)xP(VY) | x(v) = 0}
is well-defined.

Proposition 5.2. Let P(V) be P(V)xP(VV)\H, then it is affine and the composition
morphism

P(V) — P(V) xP(VY) — P(V)
is a Zariski locally trivial affine morphism with fibers isomorphic to affine space.

Note that P(VV) is the dual projective space of P(V).
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Proof. Explicitly,
Ho={[x1 o ix] X [yr s oval | D xivi = 0}

By Serge embedding, P(V) x P(VV) is a closed subvariety P"°~1. Recall the Serge
morphism is

(v - xnls [y oo ynl) = [xoyo s o s Xy oo 2 Xnynl

and let [---:Z;; :...] be the projective coordinate,
H= V(Z Z:) NB(V) x P(VY)
and note that the complement of H in P"°~1 ig affine. Then
P(V) = P(V) xP(V¥) n (P! \ H)

which is a closed subvariety of an affine variety and is in particular affine.

The morphism from P(V) to P(V) is a composition of open embedding and pro-
jection, so it is smooth clearly.

Next, we need to show each fiber is an affine space. For [x] € P(V), let H{,] be
the restriction of H at [x]. Then H is clearly a hyperplane of P(V") according
to our construction of H. Then the fiber at [x] is P(VY) \ H|y}, which is an affine
space clearly. O

According to this proposition, every projective variety satisfies the Jouanolou’s
theorem clearly. Then combine Proposition and Proposition we can prove
the case for all quasi-projective varieties over k.

Proof of Jouanolou’s lemma. Note that a quasi-projective variety X is a locally
closed subset of some projective space P". Let 7: A — X be an affine bundle of P"
and by Proposition we may assume A is affine. Thenlet P=a"'(X) m: P - X
is an affine bundle on X and P is a locally closed subvariety in A. By Proposition
there is an affine bundle n’: Q — P where Q is affine. Clearly, 7’ on: Q — X
exhibits Q as an affine bundle on X. O

6. APPPENDIX: DEFORMATION TO THE NORMAL CONE

6.1. Normal cones. Suppose i: ¥ — X is a closed embedding of smooth quasi-
projective varieties over k. Let .4y /x be the normal bundle of ¥ with respect to
the embedding i. Let so: Y — Ay,x be the zero section of the normal bundle and
in this way we identify Y as a subvariety of Ay x.

Suppose Fy is the ideal of ¥ on X, then the normal cone is Specy (€D, ﬂ}i/ﬂ;“))
and denoted by CyX. Note that .0 = Ox and we may identify Specy(Ox /%)
with Y. Hence the inclusion Ox /%y — P, f;/ﬂfl determines a projection:

p:CyX =Y

and the quotient map P, ﬂ;/ ﬂ)ﬁ“ — Ox [ Yy determines the zero section (since
they are smooth, the normal cone is the normal bundle, vice versa)

SoZYHCYX

Note that if Y is a single point, then the normal cone Cy X is the tangent cone
of Y in X.
Further, the projective normal cone P(CyX) is Projy (6P, fli/ﬂ;“).
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Next we show the relations between these notions and blow-ups. Let Bly X be
the blow up on X along Y. The construction of the blow up is given by

Bly X = Projy (P .7

i=0
and there is a natural projection
m:BlyX - X

determined by Ox — @zo Jy. We may also view X as a subvariety of Bly X. Now
we claim that 771 (Y) = P(Cy X), since

D A ©ox x5y =P A5
i=0 i

where we view 771 (Y) as the pull-back of ¥ < X along Bly X — X and the definition
of pull-back gives

Projx (EP) ) Xspecy () SPecx (Ox /.Fy) = Projx (P A 4y Ox/.5)

i=0 i=0
Hence the blow-up Bly X is a union of X and P(Cy X) along Y.

Example 6.1. Suppose X is affine and the ideal corresponds to Y is I = (f1, ..., fa)-
Then the blow-up is a subvariety of X x P4~ defined by the kernel of the canonical
homomorphism from A[Xs,...,X4] to @, I" sending X; to f;. If (fi,..., fa) is a
regular sequence, then Bly X is cut by equations X;f; — X; f; for i < j. In general,
Bly X is the scheme-theoretic closure of the graph of the morphism from X \ Y to
P41 defined by fi,..., fa.

6.2. Deformation. Actually, the normal bundle or the normal cone shows how
Y can "move” or ”deformation” on X. More specifically, a section to Ay ,x is an
infinitesimal deformation of Y. To state the phenomenon more precisely, we need to
introduce the concept of Hilbert scheme. Roughly speaking, a Hilbert scheme H
of X(we may assume X = P") is the parameter space of closed subschemes, namely,
every point in H represents a closed subscheme in X. In this view point, [Y] is a
point in [Y] and the tangent space Tjy1H of [Y] in H is ['(Y, Ay ,x). This is not the
main goal in this survey, I just want to use Hilbert scheme to show some intuition
of normal cones. Further, we may view a deformation from a closed subscheme Y
to Y’ as a "path” in H from point [Y] and [Y’]. The material to build the path is
Al just as the role of R! in topology and differential geometry.

More concretely, since we may identify ¥ with a subvariety of A4y X by the zero
section, for any section s: Y — Ay X, we have

sit YXAL — CyX
(a,1) +— (a,4s(a))

This morphism shows how Y deform in Cy X along the direction s € T'(Y, A4y X).
When A is infinitesimal, s,(Y) is almost a subvariety in X (However, we cannot say
s2(Y) is in X, so there is an “almost”).

Although the normal bundle is good to describe the infinitesimal deformation,
it is just the infinitesimal case and it is not precise enough to describe an actual
deformation because there is an “almost”! Therefore, we need to find a way to
delete the word ”almost” and describe the deformation precisely.
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To fix the gap, we need a deformation from the given embedding ¥ < X to the
zero section ¥ <— CyX. More precisely, the word deformation means that there is
a variety D with the following diagram

YxAl«—+«——— 3 D
N ,/
Al

such that over ¢ # 0, the embedding from Y x {t} to D, = p~1(¢) is isomorphic the
given embedding Y < X, namely, we have the following commutative diagram

Yx{t} —>7Y

[ ]

D) ——— X

and Y x {0} < Dy is isomorphic to the zero section from Y to the normal cone Cy X.
We may denote such D by Dy X to indicate that the construction is depended on
the embedding ¥ < X. When the embedding is clear, we use D to represent Dy X
simply. We may call it the deformation space of ¥ — X.

Now we try to construct such deformation space. First to consider the affine case.
Suppose X is affine with coordinate ring A and Y is given by an ideal I = (fi, ..., fa)-
Let D’ be the scheme-theoretic closure of the graph of the morphism

X\Y xG,, — P4

where G,, = A'\{0} and the morphism is defined by (P, 1) > [fi(P) : ---: fa(P) : t].
Thus D’ is a closed subvariety of X x A' x P4. Note that ¥ x Al is embedded in D’
by

YXA' =Y xA'x{[0:---:0:1]} c D’

Over t = 0, D contains the blow-up BlyX (recall Example . However, this
is disjoint from ¥ x {0}. We shall see that the complement to BlyX in Dy, is the
normal cone Cy X, so that D’ \ Bly X = D is what we need.

Refer to [Ger64], there is an algebraic version of deformation coincident with
the definition of deformation spaces and this help us check some facts we have not
proven before.

We define the graded ring B by

B=--0oI'T""® ---0IT '0A0AT® -0 AT " & ...

ie. B=@p,_ . I"T" where I" = A for m < 0, and T is an indeterminate. One may
view D as the affine variety whose coordinate ring is B. The projection from D to
A corresponds to the canonical inclusion from k[T] to B, and the embedding of
Y x A! is the canonical surjection B — A/I[T]. Since the canonical homomorphism
from A[T] to B becomes an isomorphism after inverting T by localization i.e. By =
A[T]r. Hence the embedding Y xA' ¢ D\ Dy is isomorphic to the trivial embedding
of Y x Al < X x Al. Over T =0, since

(e8]

B/TB = EB It

n=0

we see that Dy = Cy X, with ¥ embedded as the zero section.
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In fact, the construction of D’ is the blow-up of X x A! along ¥ x {0}
Blyy(0,X x A' = Proj(A[T] ® (I,T) ® (I,T)* ® (I, T)* ®...)

The normal cone to ¥ x {0} < X x Al is the cone

CyX & 1 = Spec (@ "/ 1" @4 AJIT))

and the exceptional divisor is

P(CyX @ 1) = Proj(EP) " /1" @1 A/IIT))

which is the projective closure of Cy X.(Note that the projective closure of A" =
Spec (k[ X1, ..., X,] is P" = Proj(k[ X1, ..., X,] ®k[T] and the intuition is to paste a
P"~! with A" to get P". For general vector bundle E — X, we proceed this process
affine locally and the projective closure is indeed P(E @ 1).) Hence, the blow-up
Bly X is contained in D’ clearly. Let p: D’ — A be the canonical projection given
by k[T] - @B, I"/I™*' ®41 A/I[T] and the fiber

D} =Proj(A[T] & (I,T)® (I,T)*® (I,T)*®---)r = ProjB

at 0 is a union of Bly X = ProjB/TB and P(Cy X&1) = ProjB/IB, where the intersect
is P(CyX) = Proj(B,, I"/1"1) clearly. Hence we have the following commutative
diagram

Y < D2 X —— 1
Y x Al < s D’ L s Al

o] I I
Y «—— D} =P(CyX ® 1) UBlyX — {0}

In particular, D’ \ Bly X coincides with the previous construction of D.

We have already solved the problem in affine case perfectly. In general, according
to the the powerful lemmas 27.2.1 in Stacks Project, it is not hard to give a relative
construction just like Specy or Projy. Specifically, the general construction of D} Y
is exactly the blow-up on X x A! along Y x {0}, where X and Y are not necessary
to be affine.
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